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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. RicherfJ. Chem. Phys121, 8960(2004] have found a primary relaxation of these glass-forming
liquids and a slow secondap 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 a JG relaxation without applying any criterion.

Some secondary relaxations bear no relation in dynamic There are indications that the JG relaxation is universal,
properties with the primary ow relaxation. An example is Presentin all glass formers. It is most familiar in small mo-
the lack of any appreciable pressure dependence of the ségcular and polymeric glass formers. The JG relaxation has
ondary relaxation time in contrast to the observed strongveaker relaxation strength than theelaxation, and in some
pressure dependence of the relaxation in many glass cases may not be resolved when it is not well separated from
formers!~* These secondary relaxations likely have intramo-the a relaxation in time/freqeuncy scale. Nevertheless, it has
lecular origin, involving local motion of a part of the mol- been found even in other classes of materials where its oc-
ecule, and are unimportant for the consideration of glassurrence is somewhat a surprise. Examples include the mol-
transition. On the other hand, there is a restricted class den salt 0.4C&NO;),-0.6KNO; (CKN),*® the plastic
secondary relaxations having properties that mimicdhe-  crystal$®2° especially the rigid ones such as cyanoadaman-
laxation. Notable examples inclutidl) a significant pressure tane and the metallic glass®s.
dependence and a non-Arrhenius temperature dependence ofMost recently, secondary relaxations were found even in
its relaxation time in the equilibrium liquid stat€d2) a  some simple glass-forming methylated alkanes including
change in slope of the temperature dependence of its diele8-methylpentane, 3-methylheptane, 4-methylheptane, 2,3-
tric strength when crossing the glass transition temperaturdimethylpentane, and 2,4,6-trimethylheptane by Richert and
Ty in @ manner similar to the specific volume, enthalpy, andco-workers?? Reference 22 called these substances branched
entropy,(3) a good correspondertcé between the its relax- alkanes, but the word “branched” may give the wrong im-
ation time and the primitive relaxation time of the coupling pression of the presence of long side chains. For this reason,
model1%-13 The existence of this special class of secondarywe prefer to describe them here as methylated alkanes. Ex-
relaxations was first suggested by the discovery of secondagept for the methyl groups, which execute fast rotations,
relaxation in totally rigid molecules by Johari and there are no side groups in these methylated alkanes that can
Goldstein4~17Since rigid molecules have no internal degreeaccount for the slow secondary relaxations observed. Thus
of freedom, their secondary relaxation cannot be assigned tihey are likely secondary relaxations of the JG kind. In this
any trivial motion of an internal part of the molecule. It must work the dielectric spectra of these methylated alkanes are
involve motion of the molecule as a whole, thereby actinganalyzed according to the coupling model description of the
naturally as the precursor of the “cooperative” many-evolution of dynamics from the primitive/independent relax-
molecule « relaxation. The secondary relaxation of rigid ation to the cooperative many-molecute relaxation, and
molecules share the properties of the special class of seconftom which the primitive relaxation times are calculated. The
ary relaxations in nonrigid glass-formers, which are not in-calculated primitive relaxation times are found to be in good
tramolecular in origin. In honor of the important discovery correspondence with the relaxation times of the observed
by Johari and Goldstein, it is appropriate to use the term JGecondary relaxations, as previously found for JG relaxations
relaxation to stand for this special kind of secondary relaxin many other glass formefs?
ations in rigid as well as in some nonrigid glass formers. On The methylated alkanes are basically hydrocarbons.
the other hand, the purpose or intention is ambiguous whehlence, the results of this work are compared with the JG
indiscriminately any observed secondary relaxation is calledelaxation and the o relaxation associated with a
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polyethylene-like glass transition occurring within the relaxation?~226Such a connection is expected from the simi-

self-assembled alkyl nanodomains with a typical size oflar characteristics of the two relaxation proceésesluding

0.5-2 nm formed by the aggregation of alkyl groups of(1) their local nature and2) involvement of the entire mol-

different monmeric units of higher pdiy-alkyl acrylate$  ecule, and acting as the precursor of theelaxation.

and polyn-alkyl methacrylatesin the melt?%24 Since it may seem that there is now another role played
by the primitive relaxationseparateanddistinctivefrom that
described in the above for the Kohlrauselrelaxation, it is

ll. COUPLING MODEL INTERPRETATION OF  a- AND JG necessary to give the following clarifications. At short times,

RELAXATION when there are few independent relaxations present, they ap-

The coupling mode{CM) emphasizes the many-body na- Péar separ_ately in space as localized motions just as with the
ture of the a-relaxation dynamics of a neat glass formerJG relaxation. Hence
through the intermolecular coupling of the relaxing species ~
with others in its environmeri£—3 A rigorous solution of 7D = 70(T), @
simple coupled systeth!! has given support to the premise and this is one role played by the independent relaxation. At
of the CM. Here we restate in brief the physical basis of théimes beyondry or 736, more units can independently relax,
CM before extending it to include the connection to the JGbut they cannot be considered as isolated events anymore,
relaxations. The many-moleculea dynamics are because some degree of cooperatiVity dynamic heteroge-
heterogeneod® and complicated and only averages overneity) is required for the motions to be possible. The degree
these heterogeneities are considered in the CM. The CM reof cooperativity and the corresponding length scale continues
ognizes that all attempts of relaxation have the same primito increase with time as more and more units participate in
tive rater,’, but the many-body or many-molecule dynamicsthe motion, as suggested by the evolution of dynamics of
prevent all attempts of molecules to be simultaneously sucsolloidal particles with time obtained by confocal
cessful, resulting in faster and slower relaxing molecules omicroscopy?’ These time evolving processes contribute to
heterogeneous dynamics. However, when averaged, the dfie JG relaxation at time longer thap or 7, over an ex-
fect is equivalent to the slowing down 0{,1 by another tended time range until the maximum cooperatiee dy-
multiplicative factor, which is time dependent. The time- namic heterogeneiljlength scale is reached. From then on,
dependent ratd\(t) has the product formr,'f(t), where the « relaxation having the averaged correlation function of

f(t)<1. In particular, it has to be Kohlrausch takes over. This description of the evolving dy-
. namics means that the JG relaxation are responsible for a
W(t) = 75 (o)™ (1) 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-
o(t) = exd— (t/ra)l‘“]. (2) cally and spatially heterogeneous as found by dielectric hole
] ] ] burning® and deuteron NMRRef. 29 experiments. This
Heren is the coupling parameter of the CM aBd=(1-n)is  coypling model description of the JG relaxation may help to
the fractional Kohlrausch exponent. More important theresolve the different points of view on its nature between
many-molecule dynamics or the extent of the dynamic hetyohart? and otherg8-233
erogeneity, larger is the cloupling parametend vice versa. The fully cooperative (or dynamic heterogeneodus
The time-dependent ratg (wct) " also leads immediately to ,_re|axation regime has the maximum cooperatve volume or
the most important relation betweeﬁ and 70 of the CM dynamic heterogeneity |ength SCdl@H at the given tem-
given by perature. The averaged correlation function of the fully co-
7= (1, ") YA 3) operative« relaxation has the fractional exponential Kohl-
a” e 70 ' rausch form of Eq.(2). The extent of heterogeneous
after identifying t. introduced here byt.=(1-n)"/w,. dynamics isLpy, and the deviation of the Kohlrausch func-
Many-molecule dynamics cannot start instantly. In fact, fromtion from linear exponential is measured byBoth hetero-
neutron-scattering experiments and molecular dynamicgeneous dynamics and of Kohlrausch are both parallel con-
simulations of polymeric and small molecular liquids per-sequences of the slowng down of the primitive relaxation by
formed at short time& the Kohlrausch function no longer many-molecule dynamics. Therefore, naturally a lariggy
holds at times shorter than approximately 20°12s, and is  is associated with a larger coupling paramet@ppearing in
replaced by the linear exponential time dependence of ththe fractional exponentl-n) of the Kohlrausch function
primitive relaxation. This property indicates thitis ap- because both are measures of the many-molecule dynamics.
proximately equal to 2 ps for small molecule and polymericBroad-band dielectric relaxation measurements found in
glass formerd? some glass-formers that the dispersion of theelaxation
The CM described above has recently been extended toarrows and hence decreases with decreasing on in-
make the connection of its primitive relaxation timgwith  creasing temperature aboVg. The correlation betweelny,,
the most probable relaxation time of the Johari-Goldsteirandn from the CM implies in anyone of these glass formers

with 0=n<1, in order that the solution of the

averaged correlation functiorp from the rate equation

d¢p/dt=-WI(t) ¢, is the empirical Kohlrausch stretched expo-
nential function
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thatLp follows n to decrease with decreasingon increas- ' ' ' ' ' ' '

ing temperature. On the other hand, for some glass-formers 20} -
such asxaB-tris-naphthylbenzen& which has a constamt v’m'v, v'T' ﬁ“&%ﬁ*@*“*

over a considerable temperature range abdyethe CM T'vv 1 s K
would predict that p is constant over the same temperature 2.2} A

range. In general, comparisons of the paramdtgrsandn
of different glass formers should be made uniformly at con-
stant,, preferably all at their respectivgy's wherer, is 24+ %
equal to a long time and 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, 26+
and glycerol. Although not the ideal test of glass formers in
the same class, the corelation betwégn andn is borne out
by comparind_py for glycerol, ortho-terphenyl, and pdi- ogl
nylacetatg obtained by multidimensiondfC solid-state ex-
change NMR experimenf8-3’ These experiments found, at
aboutT=Ty+10 K, the number of molecules per slow do- a0k
main is 390 monomer units for pdljinylacetate, 76 mol-
ecules for ortho-terphenyl, and only 10 molecules for glyc- 2,4,6-trimethylheptane
erol. The coupling parametardeduced from the Kohlrauch 32t
fit to the dielectric spectra ned=Ty is 0.53, 0.50, and 0.29 n=0.44
for poly(vinylacetatg,3® ortho-terphenyf? and glycerdt4®
respectively. NMR experiments also confirm that the distri- 34|
bution of relaxation rates is narrower for glycerol than it is
for either polyvinylacetate or ortho-terpheny#’ >
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 FIG. 1. Dielectric losse”(v) versus logarithmic frequency
the CM described above, the primitive relaxation is the unfor 2,4,6-trimethylheptane. The actually measured loss data all lie
derlying mechanism of the dynamically heterogeneous mowithin the limited frequency range 50 Hz to 20 kHz. The isothermal
lecular reorientations of the relaxation. Thus, characteris- data in this frequency range in descending order were taken at
tics of the primitive relaxation can be deduced from thel40, 138, 136, 134, 132, 130, 128, 126, 124, 122, and 120 K. Some
dynamically heterogeneous molecular reorientation ofcdhe pf the Iower-tgmperature data are sh(?wn as lines. The dashed line
relaxation. Multidimensional NMB&33 experiments have IS the KWW fit to the data at 136 K wnth:_0.44. For explanation
shown that the dynamically heterogeneous molecular reorlQ_f_the two master curves constructed by time-temperature superpo-
entations ofa relaxation occurs by relatively small jump sition of isothermal loss data, and the legends of the arrows,
angles with exponential time dependence, just like that of th&ee text
primitive relaxation. Furthermore, from one and two-
dimensional 2H NMR studie¥;3! the JG relaxation in analyze their results with the coupling mod8&ec. ). The
toluene-d5 and polybutadiene-d6 also involves small anglét to the dielectric loss peak in the isothermal loss data by
jumps of similar magnitude at temperatures ab@'geTms the one-sided Fourier tranform of the Kohlrausch function
similarity in size of the jump angles of the primitive relax- [Ed. (2)] determines the two parametensand 7,,, character-
ation and the JG relaxation again supports the connectiol#ing the a relaxation at that temperature. The primitive re-
between these two relaxation processes. They give rise to th@xation timesr, are calculated from these-relaxation pa-

dynamically heterogeneous relaxation through the many- rameters via Eq.(3), and compared with the observed
molecule dynamics. 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, E¢4), holds for the
lll. COUPLING MODEL ANALYSIS OF a- AND JG methylated alkanes or not.

RELAXATION IN METHYLATED ALKANES

log,,e"

Richert and co-worke?3 have used an ultraprecision ca- A. 24.6-rimethylheptane (246TMH)

pacitance bridge to make possible the dielectric relaxation This is the largest molecule of the methylated alkanes
measurements of several glass-forming methylated alkanesudied. In Fig. 1 the actually measured loss data lie within
with very low dielectric loss in the frequency range 50 Hz tothe limited frequency range 50 Hz to 20 kHz of the ultrapre-
20 kHz. The molecular liquids of this study are cision capacitance bridge. In this frequency range the four
3-methylpentane, 3-methylheptane, 4-methylheptane, 2,3ess peaks al =140, 138, 136, and 134 K have the same
dimethylpentane, and 2,4,6-trimethylheptane. All liquids dis-shape and can all be fit with the Kohlrausch-Williams-Watts
play asymmetriax-loss peaks typical of supercooled liquids function, i.e., the one-sided Fourier transform of the Kohlra-
and secondary relaxations of smaller amplitudes. We here such function Eq. (2)], with n=0.44. An example of the fit
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to the data at 136 K is shown by the dashed line in Fig. 1. Inl22 K have nearly the same peak frequency, while the cal-
fitting the « loss by the Kohlrausch function, emphasis is culatedy, at these two temperatures differ by about 0.6 of a
placed in obtaining good fit to the data near the peak and itdecade(Fig. 1).

low frequency flank assuming there is no significant contri- In Fig. 1, the master loss curves at 126 and 128 K con-
bution from conductivity or impurities. Inevitably, the Kohl- structed by shifting data at higher temperatures give a false
rausch fit underestimates the loss on the high frequency flaniknpression of the presence of an additional excess Wwiag

of the a loss. According to the CM description of the evolu- a second weaker power law at the high-frequency flank of
tion of molecular dynamics with timéSec. 1)), this endemic  the a-loss peak before reaching the JG relaxatidrhis fea-
deviation on the high-frequency flank is attributed to the deture is an artifact of the shifting procedure and in fact it
veloping cooperative processes with increasing length scaleriginates from the data taken at the higher temperature of
that occurs in between the primitive relaxation and the fully128 K (open triangles At 128 K and temperatures aboue,
cooperativea relaxation having the Kohlrausch form. The is not much higher than,, and the JG relaxation is not
other isothermal data in the same frequency range in deesolved and shows up as excess wing at the higher tempera-
scending order were taken at 132, 130, 128, 126, 124, 122ures. The true low-temperature cury@fsmeasured would

and 120 K. The secondary relaxation is clearly resolved asot have an excess wing and thus the master curves should
shoulders or peaks at the lower temperatures. For two afiot be shifted to low frequencies as far as indicated in Fig. 1,
these lower temperatures, 128 and 126 K, we constructingshich may also explain the discrepancy between the peak
master curves to extend the range to lower frequencies. Eadtequencies of the master curve and that obtained by the VFT
master curve shown in Fig. 1 is obtained by shifting theequation(vertical arrow at 126 K. Similar remarks apply to
actual data taken at higher temperatures horizontally to swsther figures to be introduced in the subsections to follow.
perpose onto each other. A small vertical shift is applied to The procedure used to extract the parametersdv,, and
account for the change in loss peak height according to ththe construction of the master loss curves at lower tempera-
(1/T) dependence, which has been established from the atdres for 246TMH are repeated for the other methylated al-
tual data taken at higher temperatures. The loss peak frd@anes. For the sake of brevity, they are not duplicated in the
guencies of the master curves are approximately the frequeffellowing subsections. Only brief description of the data of
cies of thea peakv, at 128 and 126 K. Another estimate of the other methylated alkanes are given here. The details can
v, can be obtained from the fit to the Vogel-Fulcher- be found in Ref. 22.

Tammann(VFT) law

logso(7,/S) = A+ BI(T—Tp) (5 B. 3-methylpentane (3MP)

given in Ref. 22 withA=-18, B=778 K, andT,=83.8 K. The fits to the actually measured loss data of
This estimate of/, are shown by an upward pointing vertical 3-methylpentane in the frequency range 50 Hz to 20 kHz by
arrow near thex peak of the master curve at 128 and 126 K,the Kohlrausch-Williams-Watt6KWW) function all yieldn
respectively. There is good correspondence between the twe0.39. An example is shown by the dashed curve for one of
approximations ta,. The primitive frequencyy,, calculated  the isothermal loss data in Fig. 2. The spectra in ascending
by a variant of the CM equatio(8), order were taken from 78 to 96 K with an increa$@ & for

Vo = ()" (1)1 (6) consecutive ones. The secondary relaxation is resolved as a

o el shoulder or peak at lower temperatures. The master curve

wheren=0.44,v-=79.6 GHz(corresponding ta.=2 p9, is  constructed for the two lower temperatures show the entire
shown for each temperature by the vertical arrows. Thelispersion. There is good correspondence betweenvihe
downward pointing arrows indicate, calculated fromv,  determined as the loss peak frequency of the master
determined as the loss peak frequency of the master curvesairves and from the VFT law given in Ref. 22. The legends
128 and 126 K. The upward pointing arrows in the secondargf the arrows drawn are the same as in Fig. 1. The primitive
relaxation region indicate, calculated fromv,, obtained by  frequenciesy, calculated by Eq(6) with v, taken as the
the VFT law[Eq. (5)] for all five temperatures 128, 126, 124, peak frequency of the master curves are shown by the down-
122, and 120 K. The locations of the vertical arrows are neaward pointing arrows. The upward pointing arrows in
where one would identify as the characteristic frequencies othe secondary relaxation region indicaig calculated from
the secondary relaxatior;. We can conclude that the calcu- v, obtained by the VFT law of 3-methylpentane given in
lated v, agrees well withv; and hence Eq@4) is valid. The  Ref. 22. The calculated;, are in agreement with/; and
results support the conclusion that the observed secondahence we conclude that the observed secondary relaxation in
relaxation in 2,4,6-trimethylheptane is a JG relaxation. 3-methylheptane is a JG relaxation.

At the lowest temperature 120 K of data shown in Fig. 1, The intensity of theB relaxation relative to that of the
7,=10>%s, which is quite long and this value obtained relaxation as well the separation between their frequencies of
by extrapolating the VFT equation may no longer be a good-methylpentane at constamt, are remarkably similar to
estimate. An Arrhenius temperature dependence replacds 1'-di(4-methoxy-5-methylphenydyclohexane (BMMPC)
the VFT dependence in the glassy state, and thus the actu@ef. 41 and iso-amyl bromidé? in spite of the much
7, at 120 K may be shorter than 39s. This overestimate of larger dipole moment of these two other glass formers.
7, at 120 K may have something to do with the discrepancyBMMPC and iso-amyl bromide have values ofequal to
that the well-resolved secondaidG) loss process at 120 and 0.40 and 0.39 respectively, practically the same as that of
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FIG. 3. Dielectric losss”(v) versus logarithmic frequency for

FIG. 2. Dielectric losss”(v) versus logarithmic frequency for
3-methylpentanéRef. 22. The actually measured loss data all lie 2,3-dimethylpentanéRef. 22. The actually measured loss data all
within the limited frequency range 50 Hz to 20 kHz. The spectra inlie within the limited frequency range 50 Hz to 20 kHz. The spectra
ascending order were taken from 78 to 96 K with an increase of 2 Kn ascending order were taken from 84 to 104 K with an increase of

for consecutive ones. The dashed line is the KWW fit to the one se? K for consecutive ones. The dashed line is the KWW fit to the one

of data withn=0.39. For explanation of the two master curves set of data witn=0.39. For explanation of the two master curves
constructed and the legends of the arrows, see text.

constructed and the legends of the arrows, see text.

3-methylpentane. The three structurally very different glas$-methylpentane. An example is shown by the solid curve in

formers, 3-methylpentane, BMMPC and iso-amyl bromide,Fig. 3. The spectra in ascending order were taken from 84 to
104 K with an increasef@ K for consecutive ones. How-

ever, the intensity of the secondary relaxation relative to that

is an example that the coupling parameteor the Kohl-
of the maximume loss is smaller in 2,3-dimethylpentane

raucsh exponer(tl —n) of the a-relaxation principally deter-

mines the relation of the JG relaxation to therelaxation.

Qualitatively, this can be expected from the Coupling Modelthan in 3-methylpentane. This difference possibly explains

description in Sec. Il of the evolution of molecular dynamicsthe secondary relaxation in 2,3-dimethylpentane was ob-
served mainly as a shoulder, while in 3-methylpentane it is

as a function of time from the primitive relaxati¢or the JG
relaxation to the « relaxation. In this description, the in- more pronouncedFig. 2). The master curves in Fig. 3 also
creasingly cooperative processes with developing lengtRear resemblance to BMMPC and iso-amyl bromide in dis-
scale that occurs in between the primitive relaxation and th@ersion. The legends for the arrows in Fig. 3 are the same as
« relaxation are similar ifi is the same independent of the in Figs. 1 and 2. The lowest temperature for whighis
glass former, as long as, or equiva|ent|y7-0 [Eq (3)] is kept calculated is 86 K, where VFT equation indicates that
constant. Thus the dielctric spectra of different glass-formers.=10°? s. Calculateds, at 84 K is not reported because the
having the sama become approximately isomorphic after VFT value of 7,=10*?s is no longer reliable. There is large
normalization by the maximum loss of therelaxation. For ~ uncertainty in the location of; because of secondary relax-
Comparison of normalized Spectra of g|ass formers with d|f.at|0n shows up as a broad shoulder. Nevertheless the calcu-
ferentn, see Fig. 12 in Ref. 43. lated vy can be considered as a rough indicatorgffor
2,3-dimethylpentane.

C. 2,3-dimethylpentane (23DMP)

The fits to the actually measured loss data of D. 3-methylheptane (3MH)
2,3-dimethylpentane in the frequency range 50 Hz to 20 kHz The spectra shown in Fig. 4 in ascending order were taken
by the KWW function all yield n=0.39, same as from 98 to 118 K with an increasef @ K for consecutive
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FIG. 4. Dielectric losse”"(v) versus logarithmic frequency for -2 -1 0 1 2 3 4 5
3-methylheptangRef. 22. The actually measured loss data all lie logov (Hz)

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 FIG. 5. Dielectric losse”(v) versus logarithmic frequency for
K for consecutive ones. The dashed line is the KWW fit to the one4-methylheptanéRef. 22. The actually measured loss data all lie
set of data wittn=0.45. For explanation of the two master curves Within the limited frequency range 50 Hz to 20 kHz. The spectra in
constructed and the legends of the arrows, see text. 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
ones.The KWW fits to the actually measured loss date§et of data withn=0.28. For explanation of the two mastgr curves
of 3-methylheptane yield the largest coupling parameteconSt.rUCted. and the legends of the grrovys, see text. The inset shows
n=0.45 among the methylated alkanes studied in Ref. Zgr-\e dielectric loss"(v) versus Ioganthr_nm freque_ncy for glycerol
- ; . om Ref. 40 together with the KWW fitRef. 6 with n=0.29.

(see Fig. 4 hene This happens possibly because of the loca-
tion of the methyl group, making the molecule asymmetric L
and hence increasing the intermolecular constraints betwedl'€S- Thea-loss peak of 4-methylheptane is significantly
the molecules. In contrast, the symmetric moleculgh@mower than all the qther alkanes discussed before.
4-methylheptane has the small@est0.28 as we shall see in Naturally, the KWW fits to the actual data of
the next subsection. 4-methylheptane in Fig. 5 gives a significantly smaller cou-

Similar to 2,4,6-trimethylheptane with a comparablePling parametem=0.28. From Eq.6), the separation be-
n=0.44, the secondary relaxation of 3-methylheptane is welf’V€€n v, and v, (in units of H2 on a logarithmic scale is
separated from the-loss peak and shows up as resolved9Ven by
peaks in the isothermal speciiféig. 4). The legends for the _ — _
arrows drawn in Fig. 4 are the same as given in Figs. 1-3. 1061070 ~ 10G10ve = N(10.9 ~10Gova) - @
The lowest temperature for which, is calculated is 96 K, Combined with the other CM relation,~ vy [i.e., Eq.(4)],
where VFT equation indicates thaf,=10*"s. The calcu- we have
lated v, is in good order of magnitude agreement with the
loss peak frequency; of the JG relaxation. Equatiofd) is 10910736~ 109107 = N(10.9 = log o), (8)
valid and hence the observed secondary relaxation

. . iYhich says that the separation betweggand v, is smaller
3-methylheptane is the JG relaxation.

for a smaller n at constantv,. As an example, for
4-methylheptane andv,=10"! Hz, the separation is 3.3
decades frorn=0.28, compared with 5.36 decades from
The spectra shown in Fig. 5 in ascending order were taken=0.45 if it is 3-methylheptane. The proximity of the JG
from 98 to 120 K with an increase of 2 K for consecutive relaxation to the dominant-loss peak makes it difficult for

E. 4-methylheptane (4MH)
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the former to be resolved from the latter in 4-methylheptanefundamental role in generating the cooperativeelaxation
Thus the JG relaxation in 4-methylheptane is not resolvedhrough many-molecule dynamics. That is the reason why
but hidden on the high frequency flank of thdoss peak as these secondary relaxations have to be distinguished from
suggested by the location of the calculatgdor the master the trivial ones of intramolecular origin by classifying them
curves constructed for the real data at 104 K in the main paras the Johari-Goldstein relaxations. Criteria based on proper-
of Fig. 5. Since the peak frequeney, of the master curve is ties have been suggested to distinguish the JG relaxations
practically the same as that from the VFT law given in Ref.among secondary relaxatiofign this work we use one of
22, it is sufficient in Fig. 5 to indicate the calculateglby a  these criteria that comes from the coupling model. This cri-
single vertical arrow. The other vertical arrow nearby indi-terion, Eq.(4), says that the JG relaxation time is in approxi-
cates the calculated, for the data taken at 102 K. In Fig. 5 mate agreement with the primitive relaxation time calculated
in the experimental spectra of 4MH at 98, 100, and 102 Kentirely from the parameters of the relaxation. The crite-
there is the clear indication for another secondary peak aion have been shown to work previously for the JG relax-
much higher frequencies. Its position does not seem changaions in many glass-formers, and here also in the methylated
as temperature is lowered from 106 down to 98 K, while alkanes. This is the principal result of this work.
decreases by several orders of magnitude. Hence, it cannot Parameters characterizing therelaxation of the methy-
be the JG relaxation. This feature in the spectrum is uniquéated alkanes have been given in Ref. 22 and here in the
to 4MH and not found in the other methylated hydrocarbonsprevious section. The parameters include the Kohlrausch ex-
Its origin is uncertain because of the lack of experimentaponent(1-n) and the steepnesgfragility) index' m
data at higher frequenciés.

According to the CM, the ratiov;g/ v, depends om _ dlog;o(7./s)
for a constantv,. Hence the frequency dispersion of C d(Ted D) et
4-methylheptane should be similar to other glass-formers ref
having values oh comparable to 0.28 of 4-methylheptane, where T, is an arbitrarily chosen temperature at which
even though they have widely different chemical structuresz (T, is equal to a specified long tin{é The standard prac-
This similarity is demonstrated by the isothermal dielectrictice is to taker,(T,.) =100 as done in Ref. 22 for the me-
loss data of glycer6P“°in the inset of Fig. 5, showing thylated alkanes. Data of many glass-formers indicaterthat
the KWW fit with n=0.29 (solid line) and the locations of anticorrelate® with (1-n), or correlates witm. However,
the calculatedy, (vertical arrows. Glycerol is just one of there are exceptiorf€. The notable ones are propylene car-
many other examples that can be chosen to demonstragRynate (n=0.27, m=91) and cresolphthalein-dimethylether
the similarity of their spectra to 4-methylheptane. They in-(n=0.25 m=72.5.45 They have largem but small n
clude propylene carbonatén=0.27,5° cresolphthalein- \yhen compared with either glycefé8 (n=0.29,m=53) or
dimethylether (n=0.29,% and N-methyle-caplolactam QTP (n=0.50, m=81).3%48-50The deviation from the corre-
(n=0.24.° Hence, the dynamics of the JG and theelax-  |ations by some glass formers could be rationalized by say-
ation in 4-methylheptane conform to the general rule on theiing that the exceptions have unusual physical or chemical
relation derived from the CM for glass formers having structures, although this is by no means a satisfactory expla-
smallern. 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

The methylated alkanes studied are derived by attachingm=46, T;=98.8 K, n=0.28 with 3-methylheptaném=47,
one or more methyl groups individually on various carbonsT,=97.4 K, n=0.45. They have about the sam@ and
on the alkane chain. Other than the attached methyl group3,, but theirn parameters are so different. They belong to
there is no subgroup the motion of which can be identifiecthe same chemical family except they have different archi-
with the weak secondary relaxation observed in the methytectures, i.e., 4-methylheptane is a symmetric molecule
lated alkanes. However, from other experimental works it iout not 3-methylheptane. This is a good example of the
known that the rotational motion of the attached methylbreakdown of the correlation betweemand n that cannot
group is fast, and decoupled from or not merged withdéhe be easily rationalized. On the other hand, 2,4,6-
relaxation. On the other hand, the observed secondary relarmethylheptangm=63, T,=122.7 K, n=0.44 is symmetric
ation is slow, tracks with the relaxation in the equilibrium as 4-methylheptane, but it does not show an exception to the
liquid state, and shows signs of merging with theelax-  correlation because it has largestas well asn. According
ation (see changes of the isothermal spectra in Figs. 1 and t the CM, the dispersion of the relaxation orn is deter-
on increasing temperatyreHence the attached methyl group mined mainly by the many-molecules dynamics engendered
or groups cannot be responsible for the observed slow sety intermolecular interactions or coupling. The dependence
ondary relaxation. Just as in rigid molecular glass former®f molecular mobility on temperature, volum¢ and en-
(chlorobenzene and toluener polymer without side groups tropy S has already enterélinto the primitive relaxation
(1,2 or 1,4 polybutadienethe existence of the secondary time 7, as evidenced by the non-Arrhenius temperature
relaxation found in the methylated alkanes is intriguing.dependenc&®® the dependence on pressief the JG re-
There is the possibility that these secondary relaxationdaxation time in the equilibrium liquid stateand other
which involves the motion of the entire molecule, may play apropertie4 The many-molecule dynamics magnify the de-

9)

IV. DISCUSSION AND CONCLUSION
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pendences ofy(T,P,V,S) via Eq. (2) and give rise to the calculated from the formulan=(-1-A)+Ty(-1-A)?/B, for
observed stronger dependertéesf 7,(T,P,V,S). Since the the same choice of (T,.) =10 s. The values ofn is 48 for
Ty-scaled temperature dependencerpf(i.e., m) is deter-  2,4,6-trimethylheptane, 36 for 3-methylpentane, 39 for 2,3-
mined by 7,(T,P,V,S) andn in addition, it is not surprising dimethylpentane, 37 for 3-methylheptane, and 36 for
that the correlation betwean andn can breakdown in some 4-methylheptane. Recalling the values of the methylated
glass formers. alkanes from the previous section, the combination of the
Closely related in chemical composition to the methylatedwo parametersm,n) are (36, 0.39 for 3-methylpentane,
alkanes are the self-assembled alkyl nanodomains with siz89, 0.39 for 2,3-dimethylpentane, and36, 0.28 for
of 2 nm formed by alkyl groups of different monomeric units 4-methylheptane. These are not far from the combinations
in higher members of polp-alkyl acrylate3 and (29, 0.35 for the alkyl nanodomains in palg-octal acry-
poly(n-alkyl methacrylates®® A polyethylene-like glass tran- late9 and (33, 0.33 in poly(n-octal methacrylatés respec-
sition occurs within the alkyl nanodomains. The larger alkyltively. The comparablen and n values of some of these
nanodomains with size of about 2 nm formed in golpctal  methylated alkanes and the alkyl nanodomains are not unex-
acrylateg and polyn-octal methacrylatgsare now compared pected because their chemical structures are closely related.
with the methylated alkanes in properties. One property iSThe similarity goes further in that there is evidence of the
the steepness index. Although the standard practice is to presence of an unresolved Johari-Goldstein secondary relax-
take 7,(T,e)=100 s, but for cases in which, has not been ation in the alkyl nanodomairfé.In both cases, the JG re-
actually determined for such long times and is only estimatediaxation time is in approximate agreement with the calculate
by extrapolation using the VFT lafg. (5)], a more prudent primitive relaxation time.
choice ofT ¢ is a shorterr,(T,e). This practice was done for
the polyethylenelike glass transition in the alkyl
nanodomair® with the choice ofr,(T,,)=10"s. The val-
ues ofm are equal to 29 and 33 for the alkyl nanodomains in  This work was supported by the Office of Naval Re-
poly(n-octal acrylatesand polyn-octal methacrylatgsre-  search. | thank Don J. Plazek for a careful reading of the
spectively. The coupling parameteiin the KWW exponent manuscript and the suggestion of designating the materials
(1-n) was deducet to have the value of 0.35 and 0.33 for studied as methylated alkanes instead of branched alkanes. |
the alkyl nanodomains in paly-octal acrylatesand poly  also thank Ranko Richert for generously supplying his pub-
n-octal methacrylatesespectively. From the VFT fits te,  lished data digitally, otherwise this work would not be pos-
[Eg. (5)] of the methylated alkanes, the valuesnofcan be  sible.
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