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From an exhaustive examination of the molecular dynamics in practically all van der Waals molecular
glass formers ever probed by dielectric spectroscopy, we found that the width of the α-loss peak at or near
the glass transition temperature Tg is strongly anticorrelated with the polarity of the molecule. The larger
the dielectric relaxation strength ΔϵðTgÞ of the system, the narrower is the α-loss peak. This remarkable
property is explained by the contribution from the dipole-dipole interaction potential VddðrÞ ¼ −Dr−6 to
the attractive part of the intermolecular potential, making the resultant potential more harmonic,
and the effect increases rapidly with the dipole moment μ and ΔϵðTgÞ in view of the relation,
D ∝ ðμ4=kTgÞ ∝ kTg½ΔϵðTgÞ�2. Since the novel correlation discovered encompasses practically all van
der Waals molecular glass formers studied by dielectric spectroscopy, it impacts the large dielectric research
community as well as those engaged in solving the glass transition problem.
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In 1995, P.W. Anderson [1] made the statement that “The
deepest and most interesting unsolved problem in solid
state theory is probably the theory of the nature of glass and
the glass transition.” Since then his insightful remark has
stimulated a tremendous amount of theoretical as well as
experimental research activities. He added that “This could
be the next breakthrough in the coming decade.”
Notwithstanding, the glass transition problem remains an
unsolved problem in the past two decades until the present
time. Likely this is due to the diversity in dynamic
properties found in glass-forming materials with different
chemical and physical structures, which poses tremendous
difficulty for any theory to account for and to be consistent
with all of them. While the large volume of disparate data
frustrates theoretical treatment, it confers the opportunity of
finding trends or correlations that may provide insight into
the core physics essential for solution of the problem.
In this Letter we present an outstanding correlation from

the dynamic properties of the structural α relaxation of
practically all van der Waals molecular glass formers
acquired by dielectric relaxation spectroscopy, and it
should have impact on the research frontier. In addition
to the literature data, isobaric dielectric measurements at
ambient pressure of more glass formers were carried out
using a Novo-Control GMBH Alpha dielectric spectrom-
eter. The samples were placed between two stainless steel
electrodes of the capacitor with a gap of 0.1 mm provided
by a quartz ring. The temperature was controlled by the
Novo-Control Quattro system, with the use of a nitrogen
gas cryostat. The experimental technique probes the
dynamics of a molecular glass former (MGF) via the
response of the electric dipole of the MGF routinely

over many decades of frequencies in the range
10−2 ≤ f ≤ 107 Hz. The spectra are analyzed to assess
the properties of the α relaxation near the glass transition
temperature Tg. The complex dielectric susceptibility ϵ�ðfÞ
measured is given by the expression,

ϵ∗ðfÞ ¼ ϵ∞ þ ðϵ0 − ϵ∞Þ
Z

∞

0

e−ið2πfÞtψðtÞdt; ð1Þ

where ψðtÞ is the response as a function of time of the
polarization to applied electric field from the permanent
dipoles, ϵ0 and ϵ∞ are, respectively, the low and high
frequency dielectric permittivity, and (ϵ0 − ϵ∞) is the
dielectric strength Δϵ. The more polar the MGF with
larger dipole moment, the larger is Δϵ. The frequency
dispersion of the α relaxation is obtained by fitting ϵ�ðfÞ
with the Kohlrausch-Williams-Watts function,

ψðtÞ ¼ exp½−ðt=ταÞβKWW �; ð2Þ

for ψðtÞ in Eq. (1). The fit yields values of τα and the
fractional exponent βKWW for each MGF. The narrower the
width of the α-loss peak, the larger is the value of βKWW.
Dielectric relaxation has been the main research tool of

our group and collaborators elsewhere [2–5]. From analy-
ses of a substantial number of MGF studied by us alone
over the past twenty years or so, we have observed the
remarkable trend that very polar MGFs with sizeable dipole
moments invariably have narrow dielectric α-loss peaks, or
values of βKWW not much less than unity at temperatures
near and above Tg. Excluded from the considerations are
the hydrogen-bonded glass formers, for reasons that will
become clear later. This observation from us was found
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consistent with those in the literature. Moreover, we are not
able to find any counterexample from polar MGFs, or from
nonpolar or very weakly polar MGFs with narrow dielectric
α-loss peak. The observation has prompted us to launch a
thorough examination of existing dielectric data of the
MFGs to check if there is any strong correlation between
Δϵ and βKWW. This step taken is natural since these two
parameters basically totally determine ϵ�ðfÞ in Eqs. (1) and
(2) at Tg, where τα is a constant ∼100 s.
The data of Δϵ and βKWW taken from our amassed

dielectric studies of MGFs and the literature that we can
find, 88 from Refs. [5–46], are plotted against each other in
Fig. 1. The presence of a strong correlation betweenΔϵ and
βKWW is evident by inspection of the plot. Data from all
MGFs seem to fall near or within the shaded band in the
figure, except for propylene carbonate having much larger
Δϵ for its value of βKWW. The correlation reveals that the
non-exponentiality [i.e., larger (1-βKWW) or degree of
departure of ψðtÞ from Debye] of the α relaxation is
reduced increasingly in MGFs with larger dipole moments.
As hallmarks of the α relaxation, nonexponentiality and
dynamic heterogeneity are parallel consequences of the
many-body cooperative dynamics that are governed by
intermolecular forces. Most of the MGFs considered are
van der Waals liquids. Their intermolecular forces consist
of the short range repulsion and a long range attraction
contributed by the London dispersion force originating
from the correlated movements of the electrons in interact-
ing molecules [47]. These forces are the negative of the
gradient of the corresponding intermolecular potential
terms. The attractive potential for the London dispersion
force is given by VLðrÞ ¼ −ð3=4Þhνðα=4πϵνÞ2=r6, where
ϵv is the vacuum permittivity, hv is the energy of the

harmonic oscillator, α is the polarizability of the molecule,
and r is the distance between molecules. The sum of the
repulsive potential and the attractive potential from the
London dispersion force is formally similar to the standard
Lennard-Jones potential V12;6ðrÞ, which is the special case
with the choice of q ¼ 12 and p ¼ 6 of the generalized
Lennard-Jones potentials [48],

Vq;pðrÞ ¼
E0

ðq − pÞ
�
p

�
r0
r

�
q − q

�
r0
r

�
p
�
: ð3Þ

The parameters r0 and E0 represent the position and
depth of the potential well minimum, respectively.
The attractive London dispersion force is present in polar

and nonpolar MGFs, but present in polar MGFs it is an
additional attractive force originating from interacting
between the permanent dipoles in the molecules. The
tendency for their dipoles to align to minimize energy is
opposed by randomization of orientations of the dipoles
through rotations effected by thermal energy. It was shown
[50,51] that when the thermal energy kT is greater than the
dipole-dipole interaction energy, the rotationally averaged
energy of interaction between two identical dipoles with
moment μ and separated by a distance r, is given by the
Boltzmann-weighted average of

VddðrÞ ¼ − 2

3kT
ðμ2=4πϵvÞ2

�
1

r6

�
: ð4Þ

The total intermolecular potential in polar MFGs is the
sum Vq;pðrÞ þ VddðrÞ.
The dipole-dipole energy term VddðrÞ acts in concert

with the energy term from the London dispersive force in
enhancing the overall attractive part of the intermolecular
potential. The enhancement increases with the polarity of
the molecules or Δϵ of the MGF. Since the intermolecular
potential determines the α-relaxation dynamics [48] and
βKWW, correlation of Vdd with βKWW can be expected to be
as good as Δϵ with βKWW and may be even better because
intermolecular potential is fundamental. The magnitude of
Vdd in Eq. (4) is proportional to μ4=kT, while Δϵ ∝ μ2=kT.
Combining these two, we have the following series of
proportionality relations,

Vdd ∝ μ4=kT ∝ kTðΔϵÞ2: ð5Þ
When applying this relation to different MGFs for

comparisons, temperature in Eq. (5) should be taken at
Tg as well as ðΔϵÞ2 to be evaluated at Tg for each MGF.
Thus, the more fundamental correlation of Vdd with βKWW
in effect can be demonstrated by plotting kTg½ΔϵðTgÞ�2
against βKWW. Carried out in a semilogarithmic plot in the
inset to Fig. 1, the same data of the MGFs show a strong
linear correlation suggested by the shaded band. Propylene
carbonate no longer exhibits a deviation. Shown also in this
plot and outside the shaded band are data from some typical
nonpolar MGFs having Δϵ close to zero. Obviously,
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FIG. 1. Dielectric strength ΔϵðTgÞ as a function of the frac-
tional exponent βKWW in the Kohlrausch-Williams-Watts func-
tion. The inset presents kTg½ΔϵðTgÞ�2 against βKWW. All the
values taken together with the numbers explanation and refer-
ences are collected in Table I. No. 69 is propylene carbonate, No.
82 is toluene.
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TABLE I. Parameters of molecular glass formers included in Fig. 1. Glass temperature defined as Tg ¼ Tðτα ¼ 100 sÞ, dielectric
strength at Tg (Δϵ), βKWW parameter, and fragility (mP) are listed. For the materials taken from literature, the reference number is
provided. The parameters marked by (**) were measured in the present work. The values of βKWW with (*) were calculated using the
shape parameters in the Havriliak-Negami function, i.e., αHN · βHN ¼ β1.23KWW [49]. The compound number is equivalent with the data
presented in Fig. 1.

No Compound name: βKWW Δϵ mp Tg=K Ref. No. Compound name: βKWW Δϵ mp Tg=K Refs.

1 2,3-dimethylpentane 0.48* 0.04 50 88 [5] 45 Ezetimib 0.70 9.5** 93 333 [27]
2 2,3-Epoxypropyl Phenylether 0.70 5 193 [6] 46 Fenofibrate 0.70 8.5 94 251 [28]
3 2,4,6-thrimethylheptane 0.51* 0.03 63 123 [5] 47 Glibenclamide 0.74 24* 78 339 [29]
4 2-Methylpentane-2,4-diol 0.78 45 187 [6] 48 Isocyanocyclohexane 0.70 15.8 134 [17]
5 2-phenyl-5-acetomethyl-5-

ethyl-1,3-dioxocyclohexane
0.64 8 222 [6] 49 Indapamid 0.72 23 76 374 [30]

6 2-Picoline 0.74 19 133 [7,8] 50 Indomethacin 0.59 3.8 83 314 [31,32]
7 3-bromopentane 0.71 22 53 108 [9–11] 51 Iso-eugenol 0.62 6.8* 73 220 [26]
8 3-methylheptane 0.40* 0.02 47 97 [5] 52 Isooctylcyanobiphenyl 0.75 13 86 221 [33]
9 3-methylpentane 0.46* 0.02 46 79 [5] 53 Itraconazol 0.50 2.4* 134 326 [34]
10 4-methylheptane 0.57* 0.03 46 99 [5] 54 KDE 0.75 20 73 313 [35]
11 DTNB 0.50 0.04 86 345 [12] 55 Ketoprofen 0.70 6* 87 267 [36]
12 α-pentaacetylglucose 0.62 4 88 289 [13] 56 Methyl-m-toluate 0.70 7.3 165 [6]
13 α-phenyl-o-cresol 0.6 3.4 219 [6] 57 Methyl-tetrahydrofuran 0.72 19 91 [6]
14 Azithomycin 0.52 1.2* 117 375 [14] 58 M-fluoroaniline 0.64 9 172 [37]
15 β-adenosine 0.60 4.34 90 369 [15] 59 N,N-diethyl-3-

methylbenzamide
0.77 23 73 198 [38]

16 Benzophenone 0.75 13.5* 125 212 [16] 60 Nimesulide 0,72 8.5 82 291 **
17 Benzoyn butylether 0.69 12.5 223 [17] 61 N-Methyl-caprolactam 0.75 17 172 [6]
18 Bicalutamide 0.85 60 328 ** 62 N-methyl-e-caprolactam 0.76 49 172 [25]
19 Biphenyl-2-isobutylate 0.60 2 210 [6] 63 N-Propylpenzene 0.59 0.4 122 [6]
20 BMPC 0.62** 1.45** 72 241 [18] 64 PCB62 0.65 3 274 [17]
21 β-pentaacetylglucose 0.60 1.3 88 288 [13] 65 Phenolphthalein

dimethylether (PDE)
0.76** 17.5** 75 294 [39]

22 β-thymidine 0.68 9.16 83 327 [15] 66 Posaconazole 0.50 1.55** 150 330 [40]
23 β-uridine 0.68 13 89 336 [15] 67 PPG 400 0.64 10.4 73 [6]
24 Butyronitrile 0.73 35 47 100 [19,39] 68 Prilocaina 0.75 20 217 **
25 Carvedilol 0.46 1.5 129 310 [20] 69 Propylene carbonate (PC) 0.78 70 93 157 [41]
26 Celecoxib 0.67 8.3 110 331 [21] 70 Propylene Glycol 0,81 54.7 73 [6]
27 Chlorpropamide 0.74 19 64 286 ** 71 Ranolazyna 0.71 10 118 292 **
28 Clarithomycin 0.62 2.7 118 382 [14] 72 Rofecoxib 0.64 2.5 104 324 **
29 Cymetydyna 0.80** 35** 69 316 [22] 73 Roxithromycin 0.62 1.6 121 356 [14]
30 Decahydroisoquinoline 0.40 1.14 156 180 [12,23] 74 ROY 0.79** 45 71 259 [42]
31 HTNB 0.50 0.04 83 343 [12] 75 Salol 0.64** 5** 221 [43]
32 Dibutyl phthalate 0.65 5.6** 60 182 [24] 76 Sildenafil 0.68 8 85 329 [44]
33 Dicyclohexyl-2-

methylsuccinate
0.46 3.8 222 [6] 77 Squalane 0.42 0.007 75 167 [12]

34 Diethyl Phthalate 0.71 8.4** 187 [6] 78 Sumatriptan 0.72 16 88 309 **
35 Di-iso-butyl-phthalate 0.64 3 191 [6] 79 TDMSPS 0.51 0.15 125 [17]
36 Dimethyl Phthalate 0.59 6.2 193 ** 80 Telimisartan 0.61 4.5 87 400 [45]
37 Dioctyl Phthalate 0.65 5 189 [6] 81 Tetraphenyl tetramethyl

trisiloxane
0.58 0.2 211 [6]

38 Diphenyl-vinylene carbonate 0.71 25 253 [25] 82 Toluene 0.50** 0.25** 126 59 [39]
39 Dipropyleneglycol Dibenzoate 0.65 3.1 223 [17] 83 Tributylacetyl citrate 0.57 7.9 85 186 **
40 Dipropylene dimethyl glycol

dimethylether
0.66 7.3 137 [6] 84 Tricresyl Phosphate 0.68 5.7 211 [6]

41 EPON828 0.55** 6** 158 257 [35] 85 Quinaldine 0.72 10 180 [46]
42 Ethylbenzene 0.44 2.2 115 [17] 86 Triethylacetyl citrate 0.64 10 84 200 **
43 Etoricoxib 0.63 6 98 328 ** 87 Trimethyl pentaphenyl

trisiloxane
0.57 0.3 230 [6]

44 Eugenol 0.68 8 90 192 [26] 88 Triphenyl phosphite 0.56 1.1 204 [6]
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the data of these nonpolar MGFs do not conform to
the correlation established by the polar MGFs. The
nonconformity can be understood from the vanishing of
Vdd and Δϵ in the nonpolar MGFs. Then, only the potential
from the London dispersive force contributes to the
attractive part of the intermolecular potential, which, in
conjunction with the repulsive part, determines the dynam-
ics of the α relaxation and the value of βKWW. Thus, one can
expect that the correlation between the width of the α-loss
peak and the polarity or Δϵ of the molecule is violated in
MGFs where Vdd is negligible compared with VLðrÞ.
Among the nonpolar MGFs in the inset to Fig. 1 is

toluene having a small value of μ ¼ 0.36 D. Its broad
(βKWW ¼ 0.50) but weak α-loss peak is contrasted in
Figs. 2(b) and 2(c) with the narrow (βKWW ¼ 0.78) but
intense α-loss peak of propylene carbonate with large
μ ¼ 4.9 D. The α-loss peak of toluene is 3 orders of
magnitude lower but its full-width at half-maximum is
1.46 times wider than propylene carbonate (full-width at
half-maximum is equal to 1.55 and 2.27 for PC and toluene,
respectively). The qualitative discussion given above has
indicated that the difference in the width of the α-loss peak
is due to the large disparity in the size of μ and the dipole-
dipole interaction energy term Vdd, which is proportional
to μ4. In general, the total intermolecular potential is the
sum of the repulsive term a=r12, the London term VLðrÞ,
and Vdd, given by

VðrÞ ¼ a
r12

− 1

r6

�
2

3kT
μ4

ð4πϵνÞ2
þ 3

4
ðhνÞ α2

ð4πϵνÞ2
�
: ð6Þ

With all other parameters in Eq. (6) the same except for
two different values of μ equal to 0.36 and 4.9 D for toluene
and propylene carbonate, respectively, the correspondingly

different intermolecular potentials are shown in Fig. 2(a) in
the upper left corner. The shapes of the two potentials are
drastically different. Supposedly, the potential of propylene
carbonate is a deep well and distinctly more harmonic than
the standard LJ potential V12;6ðrÞ, while the hypothetical
potential of toluene is a shallow well that is flat and
exceedingly anharmonic. Polar MGF with value of μ
smaller than that of propylene carbonate is expected to
have a potential well not as deep and less harmonic, but
nevertheless not as anharmonic as that for toluene. In other
words, harmonicity of the intermolecular potential in MGF
is enhanced by the dipole-dipole interaction potential
VddðrÞ, and, therefore, it is an increasing function of
μ4=kTg or kTg½ΔϵðTgÞ�2.
Intuitively, it seems reasonable to expect that increased

harmonicity of the intermolecular potential reduces the
capacity of intermolecular coupling, which in turn reduces
the nonexponentiality parameter nα ¼ ð1 − βKWWÞ as well
as the length scale of cooperativity and heterogeneity of the
α relaxation. This expectation had been confirmed by
Bordat et al. [48] by performing molecular dynamics
simulations of binary Lennard-Jones systems with three
different potentials [derived from the formula given here in
Eq. (3)] by three different choices of the exponents, q and
p, of the potential. The choice of q ¼ 12 and p ¼ 11, made
by the authors [48] for the generalized LJ potential, has
given rise to the potential which is more harmonic than the
classical LJ potential V12;6ðrÞ, with q ¼ 12 and p ¼ 6.
Whereas the most anharmonic potential corresponds to
q ¼ 8 and p ¼ 5. For the three potentials, the self-
intermediate scattering functions FsðQ0; tÞ, calculated for
the wave vector Q0 ¼ 2π=rm at the position rm determined
at the maximum of the collective static structure factor
SðQÞ, have been fitted to the KWW function [given here in
Eq. (2)]. For the same relaxation time τα, the results have
shown that βKWW is the largest for the most harmonic
potential with (q ¼ 12, p ¼ 11), and the smallest for the
most anharmonic potential with (q ¼ 8, p ¼ 5) [48].
The considerations in the previous two paragraphs on

harmonicity of the intermolecular potential have shown the
following properties. (i) Harmonicity increases with the
value of kTg½ΔϵðTgÞ�2, which follows from the proportion-
ality relations (5) and results in Fig. 2(a). (ii) MGF with
more harmonic intermolecular potential has a narrower
α-loss peak or larger value of βKWW, which follows from
Figs. 2(a) and 2(c) as well as from results of simulations
[48]. On combining these results, we finally arrive at a
rationalization of the correlations between kTg½ΔϵðTgÞ�2
and βKWW, found and exhibited in Fig. 1.
In conclusion, a novel correlation between the frequency

dispersion of the α relaxation and the dielectric strength of
molecular van der Waals glass formers has been estab-
lished. The correlation is supposedly universal because data
from practically all studies by dielectric relaxation in the
past decades are included into the consideration. This
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remarkable property is explained by the contribution from
the dipole-dipole interaction potential to the attractive part
of the intermolecular potential, making the resultant inter-
molecular potential more harmonic, and the frequency
dispersion of the α relaxation narrower. The findings
presented should have impact on the glass transition
research community, and, particularly, the multitude of
researchers using dielectric relaxation techniques as a tool.
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