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Length Scale of Cooperativity in the Dynamic Glass Transition
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The molecular dynamics in the glass transition of the “quasi”–van der Waals glass salol confine
nanopores (2.5, 5.0, and 7.5 nm) with lubricated inner surfaces is found to be faster (by up to 2 or
of magnitude) than in the bulk liquid. This effect of confinement is more pronounced for smaller por
It reflects the cooperativity of molecular motions in the glass transition and enables its length scal
be determined quantitatively. [S0031-9007(97)04009-X]

PACS numbers: 64.70.Pf, 61.25.Em
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Although the dynamic glass transition is an old problem
of physics [1], it is still a challenging subject of interes
from a scientific and technological point of view (for
review see [2–5]). Recent research has extended
knowledge of the rich phenomenology of glassy sys
tems but no unified theory is available at the momen
Next to free volume concepts [6] and mode couplin
approaches [7], models that consider cooperativity a
widely discussed [8–10]. The key idea of the latte
is the existence of a length scale of cooperativity o
correlation length j that increases with decreasing
temperature [11]. It has been estimated to be a fe
nm in the vicinity of the calorimetric glass transition
temperature [12].

A direct approach to prove the existence of a leng
scale involved in the dynamic glass transition is the inve
tigation of the dynamic properties of liquids confined to
distances of a few nm. Deviations from the bulk behavio
should be observed ifj reaches the size of the confin-
ing geometry. Such systems have attracted much inter
from different points of view in recent years and hav
been addressed by a variety of experimental and theore
cal approaches [13–18]. Especially nanoporous glass
have proven to be a successful tool for these studi
[19–25]. It turns out in NMR [19,21], solvation dynam-
ics [23], and dielectric relaxation experiments [20,22,25
that one observes a retarded layer of directly surface
tached molecules and bulklike molecules inside the cav
ties. The interplay between these interfacial molecule
and the bulklike molecules in the center of the pore
can be described in terms of a dynamic exchange mod
[22,25]. A superposition of interface and volume effect
is observed which cannot be interpreted straightforward
in terms of cooperativity.

In order to investigate the predicted confinement effe
without surface induced retardation effects it is necessa
to neutralize the retarding influences of the surface a
tached molecules. For this aim we use nanoporous glas
with lubricated inner surfaces as confining environmen
The dynamics of the low molecular weight glass-formin
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liquid salol (phenyl salicylate) confined to this system i
studied by means of broadband dielectric spectrosco
s1 3 1022 1.8 3 109 Hzd.

Dielectric measurements are performed using
Solartron-Schlumberger frequency response analyzer FR
1260 with a Novocontrol active sample cell BDC-Ss1 3

1022 3 3 106 Hzd and a Hewlett-Packard impedance
analyzer HP 4291 As1 3 106 1.8 3 109 Hzd. The
sample temperatures are controlled with a nitrogen g
stream having a stability better than60.05 K. Details
of the experimental setup may be found in Ref. [26
Differential scanning calorimetry (DSC) measuremen
were carried out with a Perkin-Elmer series 7 therm
analysis system.

Reagent grade salol was obtained from Aldrich Chem
cal Company. Controlled porous glass from Geltech In
with specific pore sizes of 2.5, 5.0, and 7.5 nm and
narrow pore size distribution was used. According to
Brunauer, Emmett, and Teller (BET) analysis supplie
by Geltech the data in order of increasing pore size a
pore volume fraction 0.48, 0.63, and 0.70; and specifi
surface area 732, 522, and367 m2ycm3. The pure sil-
ica porous glass slices used are disk shaped (diame
10 mm, thickness 0.2 mm), so the outer surface is ne
ligible compared to the huge inner surface. In order to r
move water and other volatile impurities from the surfac
the porous glasses are evacuated to1025 mbar at 570 K
for 24 h. After this procedure the samples are chemical
treated inside the closed vacuum chamber using hexame
yldisilazane (Aldrich Chemical Company) for 25 min a
340 K and again evacuated for 24 h at 340 K. This trea
ment replaces the -OH groups on the glass surface w
trimethylsilyl groups. We have confirmed this by mean
of IR spectroscopy. The pores are filled then with salol b
capillary wetting during 48 h at 330 K. For that purpos
the liquid is injected in the (closed) vacuum chamber b
use of a syringe. After filling, both sides of the sampl
disks are covered with a thins0.8 mmd aluminum foil
to ensure a good contact to the electrodes of the sam
capacitor.
© 1997 The American Physical Society 2077
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Very recently, it has been demonstrated by means
dielectric hole burning experiments [27] that the dielectri
data can be analyzed in terms of a relaxation time dist
bution of (spatially) distributed relaxators. We assume a
ensemble of Debye relaxators with relaxation timest and
a distribution densitygslog10 td. The imaginary part of
the dielectric function is then given as

e00 ­ e` 1 sest 2 e`d
Z gslog10 td

1 1 v2t2 dslog10 td , (1)

where est and e` denote the low and high frequency
values of the permittivity. In order to obtaingslog10 td
the isothermal data of the dielectric losse00 are fitted to a
superposition of Havriliak-Negami (HN) model functions
[28] as illustrated in Fig. 1. The corresponding relaxatio
time distributionsgslog10 td as illustrated in the insets
of Fig. 1 are calculated analytically from the HN-fit pa-
rameters. Identical results forgslog10 td are obtained by
ashed
nd side
ible

s:

essed.
FIG. 1. Dielectric losse00 of salol at a temperatureT ­ 253 K. The error of the measured datassd is smaller than the size
of the symbols. The dotted and dash-dotted lines indicate fits to the data according to Havriliak-Negami functions. The d
lines correspond to conductivity contributions and loss processes caused by polarization effects. The plots on the right-ha
show the relaxation time distributionsgflog10stdg that correspond to the relaxational processes. The sketches illustrate poss
conformations of the molecules. (A)—bulk salol: The molecules form intramolecular H bondss· · ·d, one relaxation process having
the characteristic shape ofgflog10stdg for a bulk glass-forming liquid is observed. (B)—salol confined to 7.5 nm uncoated pore
Salol molecules in the direct vicinity of the surface form H bondss· · ·d to the pore surface resulting in an additional interfacial
relaxation process (dash-dotted lines) next to the relaxation of unbound molecules (dotted lines). The correspondinggflog10stdg
has a bimodal shape (solid line). (C)—salol confined to 7.5 nm coated pores: The formation of H bonds is strongly suppr
The resulting unimodalgflog10stdg is shifted to shorter relaxation times with respect to the bulk phase.
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applying an alternative fitting procedure based on a sel
consistent regularization method [29].

Salol is known as a “quasi”–van der Waals glass
forming liquid because intramolecular H bonds are pre
ferred [as they are sketched in Fig. 1(A)]. Figure 1 show
the dielectric loss curve of the bulk liquid at one selected
temperature, together with the correspondinggslog10 td.
One relaxation process is found which is connected wit
the dynamic glass transition [30]. In uncoated pores two
additional loss processes are observed in the dielectr
spectra [25]: a process which is connected with a Maxwell
Wagner polarization and an additional molecular relax
ation process approximately 2 orders of magnitude slowe
than the dynamic glass transition [Fig. 1(B)]. This inter-
facial process is assigned to the motion of molecules tha
form H bonds to the surface of the pores. The two molecu
lar processes are monitored in a bimodal relaxation tim
distributiongslog10 td.
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In the modified pores [Fig. 1(C)] the inner surface is
covered with a hydrophobic coating so the formation o
H bonds between liquid molecules and the pore surfa
is strongly hindered. This results in a complete sup
pression of the interfacial relaxation process. Figure
shows the relaxation time distribution of salol confined t
the coated pores at different temperatures. At high tem
peraturesgslog10 td is broadened compared to the bulk
relaxation due to various unspecific influences of the ra
dom confining material. With decreasing temperature
gslog10 td in the confined samples no longer follows the
bulk curve but shifts to shorter relaxation times. This
effect is more pronounced in smaller pores. The anal
sis of the dielectric strength of salol in the coated pore
shows that the silane layer has a thickness of approximate
0.38 nm in all pore sizes.

We characterize the temperature behavior of the rela
ation by the averaged relaxation time

log10 tp ­ klogtllog10 t ­

R1`

2` log10 tgslog10 tdd log10 tR1`

2` gslog10 tdd log10 t
.

(2)
The activation plot of the relaxation rate1ytp is com-
pared for bulk and confined samples in Fig. 3. At high
temperatures the relaxation rates of the confined liquid
are identical to the bulk liquid in all pore sizes while with

FIG. 2. Relaxation time distributiongflog10stdg for salol
confined to 7.5 nmssd, 5.0 nm s

L
d, 2.5 nm sdd pores with

a hydrophobic coating and bulk salol (solid line) at differen
temperatures; (A) 305 K, (B) 243 K, (C) 223 K.
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decreasing temperatures the relaxation rates in the confi
ing geometry are shifted to higher frequencies compare
to the bulk liquid; i.e., the glass temperature of the con
fined liquids is shifted to lower temperatures. This shif
is more pronounced for smaller pores. A comparable e
fect is observed by means of DSC. The calorimetric glas
temperature in the confining geometry is shifted 8, 11, an
15 K to lower temperatures in the 7.5, 5.0, and 2.5 nm
pores, respectively (indicated by arrows in Fig. 3).

The confinement effect of relaxation rates being short
in the confining geometry than in the bulk liquid can be
unambiguously explained on the basis of the cooperativi
of molecular reorientations in glass-forming van der Waa
liquids: At high temperatures the range of cooperativityj

is smaller than the diameter of the nanoporous restriction
Hence no difference between the bulk and the confinin
geometry has to be expected. With decreasing temperat
deviations from Arrhenius-type temperature dependen
occur indicating the onset of cooperativity. The correlatio
length j increases until it becomes limited by the pore
diameter (“hindered glass transition” [9]). Because of th
lubricant coating of the inner surfaces the cooperative
rearranging molecules in the pores are not blocked a
may reorient within the pore volume. In contrast, the
reorientational dynamics in the bulk liquid is increasingly
retarded due to the unhindered growth ofj. This leads to
a faster dynamics of the confined molecules compared
the bulk liquid.

Following the simple model described above the tem
perature dependence of the length scale of cooperativ
can be estimated from the pore size dependence of the s
of the relaxation rate1ytp. The relaxation rate starts to
increase compared to the bulk rate when the length scale
cooperativityj reaches the size of the confining geometry
For the 2.5 nm pores deviations from the bulk rate ar

FIG. 3. Activation plot for salol confined to coated pores
7.5 nmssd, 5.0 nms

L
d, 2.5 nmsdd, and bulk salolspd. The

error of the data is smaller than the size of the symbols. Th
arrows indicate the calorimetric glass transition temperatur
for the different pore sizes and bulk salol.
2079



VOLUME 79, NUMBER 11 P H Y S I C A L R E V I E W L E T T E R S 15 SEPTEMBER1997

.

h

h

.

.

.

,

observed at 250 K. At lower temperatures even for sal
in 7.5 nm pores a significant increase of the relaxation ra
compared to bulk salol is observed so one can estimate
length scale of cooperativity to be greater than 7 nm in th
vicinity of the calorimetric glass transition temperature.

In conclusion, we have presented results of broadba
dielectric spectroscopy and differential scanning calorim
try of salol confined to nanopores with lubricated inne
surfaces. Because of the lubricant coating, interface e
fects can be suppressed and confinement effects of
liquid in the restricted geometry become observable. Th
results can be consistently described in terms of coope
tively rearranging regions with dimensions growing with
decreasing temperatures and reaching several nm diam
ter close toTg.
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