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Abstract

The glass transition is an old physical problem. It has been accepted that there is a cooperatively rearranging region related to dynamic
heterogeneity when temperature approaches the glass transition. However, there is no consensus with the characteristic length and the size
of cooperatively rearranging region. This paper first employs the clay gallery in polymer/clay intercalated nanocomposites as a confined
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wo-dimensional (2D) space to assess the characteristic length of dynamic glass transition. The five kinds of clays with differentd-spacing
ere used to investigate the confinement effect. Theoretical calculation based on Donth’s formula suggests that the characterist
olyol and polyol-based polyurethane are∼3.20 and∼1.45 nm, respectively. The experimental results agree with theoretical prediction
onth’s formula. The characteristic length varies with polymer types.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The glass transition related to dynamic heterogeneity has
ttracted more and more attention recently[1–8]. When a liq-
id is supercooled towards the state of a solid glass, the tem-
erature dependence of transport coefficients and relaxation

ime increases, and the time dependence of the relaxation
unctions changes from exponential to stretched exponen-
ial dependence[9]. In order to explain this fact, Adams and
ibbs first introduced the concept of cooperatively rearrang-

ng region (CRR)[10]. The characteristic lengthξa was iden-
ified with the average size of CRR,Va= ξa

3. However, they
id not give any formula on the CRR size and the character-

stic length. Donth assumed that CRR is a subsystem, which,
pon a sufficient thermodynamic fluctuation, can rearrange

nto another configuration, independent of its environment
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[11]. Based on the von laue approach, they derived an ex
formula for measuring the CRR size by calorimetry from
fluctuation dissipation theorem FDT[12]. Calorimetric ex
periment on a wide assortment of molecular glass form
confirmed that characteristic length of glass transition
Tg is typically 1.0–3.5 nm and it is affected by individu
properties of the molecules[13].

Nano-sized spaces including nanopore and nanolaye
vide the opportunity to identify the characteristic length. A
of investigations based on nanopore and nanoscaled po
have been made[11,14–19]. Some characterization meth
including solid NMR, atomic force microscopy, calorime
dielectric relaxation, dynamic and static light scattering,
non-resonant spectral home burning have been employ
verify the characteristic length[20–24]. However, more ev
dences are still needed and the length range should be f
shortened and confirmed.

Recently, large amounts of polymer/layered silic
nanocomposites were prepared and its related physica
040-6031/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Fig. 1. Schematic drawing of (A) cooperatively rearranging regions (CRRs) for the Glarum defect diffusion realization of dynamic heterogeneity[28]. White:
islands of mobility; gray: cooperativity shells;ξa, characteristic length = average size of a CRR. (B) Polymer intercalated clay structure.

chemical phenomena, such as molecular confinement have
been investigated[25–27]. Clay gallery can provide a better
two-dimensional space to study the dynamic glass transition
behavior of intercalated polymer. In this study, five kinds
of clays with different interlayerd-spacings as the confined
space were employed to study the characteristic length (ξa)
of polyol and polyol-based polyurethane (PU) at dynamic
glass transition. A modulated differential scanning calorime-
try (MDSC) technology was used in this study. The basic
ideas are (1) if the interlayer spacing�d of clay is less than
the characteristic length of dynamic glass transition (ξa) the
intercalated polymer will show different behavior with the
bulk polymer at the crossover of glass transition of bulk poly-
mer; as a result, the increment of heat capacity (�Cp) will
decrease. This case is shown inFig. 1. On the contrary, if�d
is bigger thanξa, the intercalated polymer will show similar
glass transition behavior as the bulk polymer, and�Cp will
remain invariable, and (2) according to Donth’s formula, due
to the different temperature fluctuations, there will be differ-
ent ξa for polyol and polyol-based polyurethane, and thus,
different dependence of the characteristic length with the�d
for polyol and PU should be observed.
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dimethyl hydrogenated tallow, 2-ethylhexyl quaternary am-
monium (2MHTL8), and methyl tallow bis-2-hydroxyethyl
quaternary ammonium (MT2EtOT), respectively.

2.2. Preparation of PU-organoclay nanocomposites

A series of PU-organoclay nanocomposites were pre-
pared. The preparation process was as follows: 10 g of polyol
and 0.7 g of clay were blended and stirred for 4 h at 60◦C.
The polyol/clay mixture was blended for a particular PU/clay
nanocomposite with 0.68 g of 1,4-butanediol, 5.0 g of MDI
and 0.03 g of Dabco-33LV at room temperature for 1 min and
was vacuum-degassed for 5 min. Then the viscous prepoly-
mer was cured at 50◦C for 24 h and 80◦C for 1 week.

3. Characterization

The polyol/clay intercalated mixture was characterized by
modulated different scanning calorimetry (MDSC), and the
prepared PU/clay intercalated nanocomposites were charac-
terized by wide angle X-ray diffraction (WAXD) and MDSC.

3.1. MDSC
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. Experimental

.1. Materials

Poly(propylene glycol) (Luprane 2090, molecu
eight = 6000, function = 3), was kindly provided by El

ogran U.K. Ltd. 4,4′-Methylene bis(cyclohexyl isocyana
MDI) and 1.4-butanediol (BD) were purchased fr
ldrich Chemical (UK). Dabco-33LV was obtained fro
ir Products and Chemicals. The unmodified clay
rganoclays were purchased from Southern Clay Prod

nc. (USA). The original Na+ clay was marked as S
he triethanolamine hydrochloride ((HOCH2CH3)3N·HCl)
odified clay was made in this lab and marked as
he modifiers for organoclay 20A, 25A and B30 w
ehydrogenated tallow quaternary ammonium (2M2H
MDSC test was conducted on a modulated differe
canning calorimeter (TA Instruments 2920 calorimeter)
scillation amplitude of 1◦C and an oscillation period of 60
ith a heating rate of 3◦C/min were used.

.2. WAXD

The intercalated nanocomposite films were mounte
ividually onto a Philip-X’ Pert X-ray diffractometer fitte
ith a goniometer detection device (anode 40 kV, filam
urrent 35 mA). Nickel-filtered Cu K�radiation of wave

ength 0.1542 nm was directed at the samples in their thr
irection. The goniometer scanned diffracted X-rays in
θ range 1–10◦ at a scan speed of 1◦/min and with a step siz
f 0.02◦.
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4. Results and discussion

4.1. Calculation of characteristic length (ξa) of dynamic
glass transition of bulk polyol and PU

The characteristic length (ξa) of dynamic glass transition
of blank polyol and PU was calculated by Donth’s formula
as shown in Eqs.(1) and(2) [11,13].

Na = R T 2 �(1/Cv)

M0 (δT )2
= R T 2 �Cp

Cp
2
M0 (δT )2

(1)

Va = ξa
3 = Na M0

ρ
(2)

whereNa is cooperativity, i.e., the number of such particles
in one average CRR with volumeVa; ξa the characteristic
length of dynamic glass transition;M0 the weight for a whole
molecule, or for polymer, a monomer unit;R the molar gas
constant;ρ the mass density;�(1/Cv) the step of reciprocal
specific heat capacity at constant volume at the glass transi-
tion (Cp is at constant pressure); (δT)2 the mean square tem-
perature fluctuation of one average CRR at temperatureTg;
Cp the averageCp value between the glass zone and the flow
zone, and�Cp the increment of heat capacity at glass transi-
tion, i.e., the step at the glass transition between these zones.
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Fig. 3. Reversing heat capacity (C′
p) and dCp/dTsignal of bulk PU vs. tem-

perature.

and Na≈ 346. For blank PU,Tg = 216.44 K; C
glass
p =

0.953 J/g◦C; C
liquid
p = 1.205 J/g◦C; �Cp= 0.252 J/g◦C;

2δT∼ 13.01 K;ρ = 1.1 g cm−3; M0 = 58; C̄p = 1.079 J/g◦C,
and �(1/Cv) = 0.219, thenξa was found to be 1.45 nm
and Na≈ 35. For polyol and polyol-based polyurethane,
the main contributions to the glass transition both come
from the polyol part. However, there is marked difference
in characteristic length and cooperativity for polyol and
polyol-based polyurethane. We also calculatedξa value of
polyol in polyol/clay and theξa value of PU in PU/clay
intercalated nanocomposite according to the Eqs.(1) and
(2), and found that there is no marked change with different
clays. Thus,ξa values of polyol and PU are still applicable
for polyol/clay and PU/clay intercalated nanocomposite. In
ref. [13], it is noted that, among the 28 kinds of investigated
substances, there is a similar trend, i.e., for the substance
that has a large value of temperature fluctuationδT, mainly
for macromolecules, there is a small value ofξa about
∼1.0 nm, and for the substance that has a small value of
δT, mainly for small molecules, there is a large value of
ξa about∼3 nm. From our calculation, we noted that the
cooperativity (Na) also has a marked difference, theNa value
of polyol (∼356) is about 10 times that of polyol-based
polyurethane (∼34). This should be mainly attributed to the
temperature fluctuationδT. However, the intrinsic reason
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T is temperature fluctuation, the peak of dCp/dTsignal is ap
roximated by a Gauss curve as expressed in the formu(3),

hat determinesδT as the dispersion of this approximation

dCp

dT
= const exp

(−T − Tω)2

2δT 2
(3)

The Cp, �Cp and δT values can be obtained from t
urves of the reverse heat capacityC′

p and dCp/dT signal
ersus temperature.Figs. 2 and 3show C′

p and dCp/dT
ignal versus temperature curves of blank polyol 6
nd blank polyurethane. For blank polyol,Tg = 204.24 K;
glass
p = 0.841 J/g◦C; C

liquid
p = 1.282 J/g◦C; �Cp= 0.441

/g◦C; 2δT∼ 5.30 K;ρ = 1.02 g cm−3; M0 = 58,Cp = 1.062
/g◦C; �(1/Cv) = 0.406, thenξa was found to be 3.20 n

ig. 2. Reversing heat capacity (C′
p) and dCp/dTsignal of bulk polyol 6000

s. temperature.
s still not clear. The glass transition temperature of P
bout 12◦C higher than that of polyol. This phenomen

ndicates that hard segments have a significant influen
he movement of polyol segment at the glass transition.
alue ofTg depends on the mobility of the polymer cha
he more immobile the chain, the higher the value ofTg. In
articular, anything that restricts rotational motion wit

he chain should raiseTg.

.2. Experimental determination of characteristic length
ξa)

In this study, polyol/clay intercalated nanocompos
ere prepared through mixing with polyol and clay for
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Fig. 4. X-ray diffraction pattern of PU nanocomposites with different clays.

at 60 ◦C, and then chain extender BD and MDI was added
into the mixture to form polyurethane.Fig. 4 shows the X-
ray diffraction pattern of PU nanocomposites with the clays
of differentd-spacings. The originald-spacings of clays for
S0, S3, B30, 25A and C20A are 1.17, 1.37, 1.81, 1.86 and
2.42 nm, respectively. After intercalation,d-spacings of clay
for S0, S3, B30, 25A and C20A are expanded to 1.59, 1.65,
2.05, 3.26 and 3.56 nm, respectively. The thickness of the
clay layer is about 1 nm[25], so the interlayer distances as
illustrated inFig. 1for S0, S3, B30, 25A and C20A are 0.59,
0.65, 1.05, 2.26 and 2.56 nm, respectively.

Fig. 5shows the dCp/dTsignals versus temperature curves
for blank polyol 6000 and polyol/clay intercalated nanocom-
posite. The peak area of dCp/dTversus temperature is equal
to the increment of heat capacity�Cp, at the glass transition
temperature[26]. Fig. 6 shows the relationship between the
interlayer distance (�d) and the increment of heat capacity
(�Cp) for polyol/clay intercalated nanocomposite. As cal-
culated above, all the interlayer distances for S0, S3, B30,
25A and C20A are smaller than the characteristic length
ξa of polyol (3.23 nm); it is clear that the�Cp values for
polyol/clay intercalated nanocomposite are smaller than that

F clay
i

Fig. 6. Relationship between interlayer distance (�d) and the increment of
heat capacity (�Cp) for polyol/clay intercalated nanocomposites.

of blank polyol (0.441 J/g◦C). The decrease of�Cp should
be attributed to the confinement of polymer chains in the in-
terlayer spacing. It is believed that a certain immobilization
near an interface exists. However, measurement of�Cp can-
not provide such information because the change of�Cp re-
sulting from immobilization near an interface is very small,
which is within experimental error. The interlayer spacing
of the expanded clay is too little for polyol to the occur-
rence of cooperatively rearranging at the dynamic glass tran-
sition. However, there is another situation for polyol-based
polyurethane system.Fig. 7 shows the dCp/dT signals ver-
sus temperature curves for blank PU and PU/clay interca-
lated nanocomposite.Fig. 8shows the relationship between
interlayer distance (�d) and the increment of heat capacity
(�Cp) for PU/clay intercalated nanocomposite. For clays S0,
S3 and B30, there are small interlayer distances, smaller than
the characteristic lengthξa of bulk polyurethane (1.45 nm),
the �Cp values are reduced. However, for clays 25A and
20A, the interlayerd-spacing is big enough for coopera-
tively rearranging of polyurethane molecular chain at dy-
namic glass transition,�Cp values remain the same as that
of bulk polyurethane. It is necessary to mention again that

F lated
n

ig. 5. dCp/dTvs. temperature signals for blank polyol 6000 and polyol/
ntercalated nanocomposites.
ig. 7. dCp/dTvs. temperature signals for blank PU and PU/clay interca
anocomposites.
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Fig. 8. Relationship between interlayer distance (�d) and the increment of
heat capacity (�Cp) for PU/clay intercalated nanocomposites.

the calculatedξa value for polyol and PU/clay intercalated
nanocomposite does not nearly change with different clays.

So, our results suggest that if the interlayer spacing�dof
clay is less than the characteristic length of the dynamic glass
transition (ξa), the intercalated polymer will show no transi-
tion at the crossover of the glass transition of bulk polymer,
and the increment of heat capacity determined (�Cp) will de-
crease. This situation occurred for all kinds of clays we inves-
tigated in this study in polyol system and for S0, S3 and B30
clays in polyurethane system. On the contrary, if�d is bigger
than theξa, the intercalated polymer will show the same glass
transition behavior as the bulk polymer and the increment of
heat capacity will remain invariable. This situation occurred
for clays 25A and 20A in polyurethane system. The depen-
dence of�Cp with clay interlayer distance shows that the
calculated characteristic lengths, i.e.,ξa (polyol)∼ 3.20 nm
andξa (PU)∼ 1.45 nm with Donth’s formula are reliable.

5. Conclusion

Polymer/clay intercalated nanocomposites with different
d-spacings provide a good two-dimensional (2D) space to
determine the characteristic length of the dynamic glass tran-
sition. The characteristic length (ξa) varies with polymer
t
t ayer
d dy
a
i
d s, the

interlayerd-spacings of clays S0, S3 and B30 are smaller
than theξa of polyurethane,�Cp decreases; however, the in-
terlayerd-spacings of clays 20A and 25A is bigger thanξa
(PU),�Cp remains the same as that of PU. The experimental
determination of the characteristic length based on the dif-
ferent dependence of�Cp with �d between polyol/clay and
PU/clay nanocomposites agrees with the theoretical calcula-
tion from Donth’s formula.
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