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ABSTRACT: In the present work, we characterize the rheological behavior of 10 nearly monodisperse poly-
(ethyl acrylate) samples, whose molar mass ranges from 1200 to 150 000 g/mol. The poly(ethyl acrylate)s were
obtained by means of a controlled/living radical polymerization technique. The time-temperature superposition
principle works, and theT dependence of the horizontal shift factoraTr(T) is fairly well described by the Williams-
Landel-Ferry law. Furthermore, the zero-shear viscosity dependence on the temperature, for all the investigated
samples, has resulted to be well described by means of Vogel-Fulcher laws. The mass dependence of thermal
parameters such as the Vogel temperatureT0 and the pseudo-activation energyTb has been worked out and
compared to the mass dependence of the glass transition temperatureTg. This leads us to propose here a coherent
way to describe their behavior and estimate several microscopic parameters in terms of free volume. Moreover,
the molar mass dependence of material parameters has been investigated. The zero-shear viscosityη at different
temperatures has been evaluated, and the critical mass value has been found to beMc ) 26 000 g/mol. The ratio
between the criticalMc and the entanglement massMe has been found to be about 2.2 from the evaluation of the
plateau modulusGN

0. A mass dependence analysis of the steady-state complianceJe
0 has also been carried out

from which the second critical massMc′ is inferred.

1. Introduction

The viscoelastic and mechanical properties of polymeric
materials are strongly affected by structure, conformation, and
molar mass of the chain. In particular, the polymer molar mass
influences directly the topological properties of polymer melts,
which regulate the onset and the dynamics of the entangled
regime, usually modeled by using the reptation concept.1 A
strong indication of chain entanglement coupling, that is the
presence of temporary networks in the polymer, is the steep
increase of zero-shear viscosity with polymeric massM around
a value of critical massMc

1,2 according to the relationships

Another indication of chain entanglement is the modulus plateau
GN

0 observed in high molar mass nearly monodisperse samples
from which it is evaluated the massMe between the entangle-
ments.2 The ratioMc/Me is usually found to be in the range
2.0-2.4.

In the past decades, several physical quantities such as
terminal relaxation timeτ0 and steady-state complianceJe

0

have also been correlated to molar mass and polydispersity of
polymers.3,4 The mass dependence of the steady-state compli-
ance of polymers shows the effects of entanglements, when the
molar mass is decreased, in correspondence of a second critical
massMc′, as a change from a plateau regime to the linear
dependence predicted by the Rouse model.1

The precise occurrence of entanglement is the topic of a recent
thread in the literature (see for example ref 5). As a matter of
fact, when the entanglement is present in chain melts, several
macroscopic quantities are constant, while at low masses they
decrease with decreasing molar mass. The mass dependence of
the fitting parametersTb andT0, from the Vogel-Fulcher law6-8

(see eq 3) of the viscosityη, andc1 and c2, from Williams-
Landel-Ferry law2 (see eq 4) of the shift factora(T), have been
analyzed in terms of the molar mass as well as the glass
transition temperatureTg, this latter fundamental in the thermal
characterization of polymeric materials. All these quantities
follow a molar mass behavior, which discriminates the entangle-
ment dynamics and could be interpreted in terms of the free
volume theory.2

Polyacrylates have been for a long time of difficult synthe-
sis: acrylates have long been known to undergo controlled
polymerization by anionic mechanism, but there is poor control
on the molar mass and molar mass distribution when primary
acrylates with short alkyl chain, such as methyl and ethyl
acrylates, are employed. The poly(ethyl acrylate) (PEA) samples
used in this work were obtained9 following a recent developed
atom transfer polymerization technique.10

This work aims to characterize the melt rheology and thermal
properties of poly(ethyl acrylate)s with narrow molecular weight
distribution. In particular, the mass dependence ofTb, T0, and
Tg has been analyzed according to the free volume concept,
and a coherent way of describing their molar mass behavior is
proposed here. Such a study led to the determination of the
asymptotic values, in the presence of entanglement, of these
physical quantities, which can be expressed in terms of several
microscopic quantities.

Moreover, the comparison of the fitting parameters, drawn
from the functional relationship here proposed to describe the
mass dependence of the above parameters, allowed us to
evaluate the ratio between the free volume pertinent to the
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polymeric chain and chain tail. This is particularly interesting
because PEA polymers were synthesized with terminating units
as much as possible similar to the ethyl acrylates monomeric
units, allowing the comparison of the ratio obtained in this study
with theoretical findings of the literature.11

A study of the material parameter plateau modulusGN
0 and

of the mass dependence of zero-shear viscosityη and steady-
state complianceJe

0 has also been carried out. In these cases,
the discrimination between the Rouse and the entanglement
regimes is apparent, and a correlation between macroscopic
fitting parameters and microscopic quantities is carried out.
Thus, we have been able to determine the productú0b2 between
the monomeric friction coefficientú0 and the segment lengthb
as well as the ratio between the polymeric characteristic masses
Me, Mc, andMc′.

2. Materials and Experiment

PEA samples were prepared by atom transfer radical polymer-
ization (ATRP), using 2-bromoethyl propionate (2-EBP) as initiator,
which becomes indistinguishable from the ethyl acrylate (EA) repeat
unit once inserted in the macromolecular chain. The complex of
CuBr with the polydentate aminoaliphatic ligand (PMDETA) was
employed as the catalyst for the reaction (Table 1). When compared
with polypyridine ligands, polyamines lower the redox potential
of the Cu(I)/Cu(II) couple, thus allowing a smooth polymerization
to take place at low temperatures (T < 373 K) and thereby reducing
the possibility of side reactions.

Ethyl acrylate (12 g, 0.12 mol), anisole (13 mL, 4.6 mol/L, in
the case of polymerization in solution), CuBr, andN,N,N′,N′′,N′′-
pentamethyldiethylenetriamine (PMDETA 1/1 weight ratio with
respect to CuBr) were introduced in a Schlenk tube and stirred a
few minutes to allow complex formation. The initiator 2-EBP was
then added to the stirred green homogeneous mixture, followed by
degassing with three freeze-pump-thaw cycles.

The polymerization was then carried out at 363 K for about 4 h
(bulk) or 24-60 h (solution). The copper catalyst was removed by
column chromatography over alumina using CHCl3 as eluent.
Because of the high solubility or swell ability of poly(ethyl acrylate)
in most organic solvents, quantitative removal of the unreacted
monomer was achieved only after prolonged (about 1 week) drying
at 343 K under high vacuum (1 mmHg). Mass spectrometry analysis
of the resulting polymers showed the presence of<100 ppb residual
monomer, according to an EA area calibration curve.

Number-averageMn and weight-averageMw molar masses, and
polydispersity, defined as the ratioMw/Mn, were determined by size
exclusion chromatography (SEC) performed at room temperature
on 0.050 mL samples (4 g/L polymer solutions in chloroform) at
1 mL/min flux, using a Waters 515 HPLC pump, a PL-Gel Mixed-C
column, and a Waters 2410 RI detector (see Table 1). Six
monodisperse polystyrene standards (1460, 300, 83, 19, 4, and 0.8
kg/mol) were used for column calibration. The molar mass data
are referred to a calibration curve, which was a third-order
polynomial fit from polystyrene standards. Gas chromatograph and
mass spectrometer (GC-MS) analyses were carried out on a Varian
3800 GC equipped with a Varian VA-5 capillary column (30 m,

0.25 mm, 0.25µm, 5% phenylmethylpolysiloxane) coupled with a
Varian Saturn 2000 Ionic Trap MS. In this work, the densityF of
PEA samples is taken as 1.12 g/cm3.17

Differential calorimetry measurements were performed with a
DSC7 Perkin-Elmer calorimeter on the samples in order to obtain
glass transition temperature (Tg) values according to the onset
definition. This apparatus was calibrated with indium and zinc
standards. The thermograms were recorded on heating at 10 K/min
after a quench at 40 K/min.

Physical data resulting from PEA samples characterization are
reported in Table 1 together with the experimental details of the
synthesis of PEAs with different molar masses.

Viscoelastic properties were measured with a Haake RheoStress
RS150H stress-controlled rheometer. The deformation is detected
with a digital encoder processing 1 million impulses per revolution,
pushing the resolution of the measurements at very low strains.
The cone-plate geometry (35 mm diameter, cone angle 4°) has
been utilized for measurements on the lightest sample PEA15R,
while a parallel plate system (diameter 20 mm) has been utilized
for all other samples. To account for thermal dilatation of the
system, as the temperature was varied, the gap in the parallel plate
geometry was varied in the range between 900 and 1100µm for
all the polymer samples except PEA20R, for which measurements
were carried on with a gap of 1400-1600 µm. The gaps were
chosen significantly larger than chain lengths to ensure gap-
independent measurements.

The thermostat system of RS150H is equipped with a thermal
bath of circulating fluid with programmable temperature. While
the upper plate of the RS150H is crossed by the thermostat fluid
only, the lower plate consists of a Peltier system which drives and
maintains at the set value the temperature at the sample, while
exchanging heat with the thermal bath. The rheometer plate system
is embedded in a glass cylindrical tube. A flux of ultrapure nitrogen
gas is injected into the cell to avoid aqueous condense on
performing measurements at temperatures lower than the ambient
one.

Preliminary tests on linear viscoelastic regime of the materials
were conducted to carry out all measurements in this regime.
Isothermal frequency sweeps were measured from 10-2 to 24.4 Hz.
Zero-shear viscosityη was evaluated in independent ways from
creep and flow experiments at different temperatures and from the
complex modulus in oscillatory measurements.

3. Results

In Figure 1, the temperature dependence of the viscosity, as
obtained from the creep and flow measurements in a large
temperature interval, is shown for the different PEA samples.
In Figure 1, zero-shear viscosities are also reported (open
symbols) as calculated from the loss modulusG′′ in the terminal
zone according to the equation

In Figure 2 someG′′(ω) data recorded at different temperatures

Table 1. Chemical and Physical Characterization of Poly(ethyl acrylate) Samplesa

sample CuBr/EBP (mol ratio) conv (%) tp13 (h) Mn (g/mol) Mw (g/mol) Mw/Mn Mz(g/mol) Mz/Mw Tg (K)

PEA01R 1.0 98 4 7500 8250 1.10 9250 1.09 248
PEA02R 1.0 98 4 11650 13100 1.13 15200 1.12 252
PEA04R 1.0 98 4 18650 20200 1.08 22200 1.07 250
PEA05R14 1.0 50 4 24900 26600 1.07 29300 1.07 253
PEA06R 1.0 71 64 58200 66500 1.15 90000 1.16 253
PEA15R15 0.1 85 21 980 1200 1.22 1500 1.20 231
PEA16R15 0.2 82 21 2750 3000 1.09 3300 1.08 243
PEA17R15 0.5 81 21 7300 7800 1.07 8700 1.06 247
PEA18R 0.5 60 5 8800 9600 1.09 10500 1.09 250
PEA20R16 4.5 64 96 120000 150000 1.25 220000 1.25 253

a Mn, Mw, andMz are the first three molar mass averages.12

lim
ωf0

G′′(ω)
ω

(2)

Macromolecules, Vol. 39, No. 5, 2006 Narrow Distribution Poly(ethyl acrylate)s1881

CDV



are shown for the sample PEA06R. The zero-shear viscosityη
of each sample, within the temperature range 260-400 K, is
well reproduced (Figure 1) by Vogel-Fulcher (VF) laws:6-8

The values of the prefactorsη∞, the pseudo-activation energies
(expressed in kelvin)Tb, and the Vogel temperaturesT0 are
reported in Table 2.

On the other hand, within the temperature range fromTg +
7 K up to Tg + 160 K, the time-temperature superposition
(TTS) principle was found to be applicable. As an example, in
Figure 3 the master curves of PEA05R, PEA06R, and PEA20R
storage moduliG′ as well as tanδ ) G′′/G′ are shown at the
reference temperatureTr ) 270 K.

The horizontal and vertical shift factorsaTr(T) andbTr(T) at
the reference temperatureTr, as well as the master curves, are

obtained in this work by mathematical shifting18 of experimental
isotherm frequency sweeps of the complex modulusG*(ω). The
horizontal shift factorsaTr(T) are well described by the semiem-
pirical Williams-Landel-Ferry (WLF) law:2

c1 and c2 are the WLF parameters, andTr is the reference
temperature. The values of the WLFTr-dependent parameters
c1 andc2 as well as the invariantsc1c2 andT0 ) Tr - c2 for the
PEA samples are found in Table 3.

From the master curves of PEAs, the plateau modulusGN
0

can be experimentally determined by adopting different
definitions.20-22 We followed the criterion of the minimum of
tanδ ) G′′/G′. At the frequency where tanδ is minimum,1,23,24

one sets

Accordingly, the plateau modulusGN
0 can be evaluated for

those PEA samples only withMw greater thanMc, being tanδ
monotonically decreasing with increasing frequency for masses
less thanMc.

The storage moduliG′ master curves, as well as tanδ, of
PEA05R, PEA06R, and PEA20R atTr ) 270 K are shown in
Figure 3 as a function of the frequency. From all these three
samples, within the experimental errors, the valueGN

0 ) (2.1(
0.1) × 105 Pa is found, resulting to be mass-independent, as
expected for amorphous linear homopolymers. The same
criterion has been used to determineGN

0 at 291 and 305 K; the
valuesGN

0 ) (2.2( 0.1)× 105 Pa andGN
0 ) (2.4( 0.1)× 105

Pa have been found. According to the TTS principle,2 the plateau
modulus varies with temperature following theT dependence
of the vertical shift parameterbTr(T).

From the master curves it is also possible to evaluate another
important parameter in the characterization of the rheological
properties of poly(ethyl acrylate)s: the steady-state shear

Figure 1. PEA’s zero-shear viscosity as a function of 1000/T from
steady-state (filled symbols) and dynamic (open symbols) measure-
ments.

Figure 2. Examples, at different temperatures, of the curves used to
evaluate the zero-shear viscosity of PEA06R from the loss modulus
G′′ according to eq 2.η′ ) G′′/ω is the real part of the complex viscosity
η*.

η(T) ) η∞ exp( Tb

T - T0
) (3)

Table 2. Vogel-Fulcher Fit Parameters of Zero-Shear Viscosity of
PEAs, Which Are Listed in Order of Increasing Molar Mass Mw

sample η∞ (Pa s) Tb (K) T0 (K)

PEA15R (1.6( 0.1)× 10-4 1070( 40 194( 3
PEA16R (1.4( 0.1)× 10-4 1260( 40 200( 3
PEA17R (5.1( 0.4)× 10-4 1310( 60 200( 4
PEA01R (3.3( 0.3)× 10-4 1360( 50 201( 6
PEA18R (4.9( 0.4)× 10-4 1400( 30 201( 3
PEA02R (8.6( 0.8)× 10-4 1430( 30 200( 4
PEA04R (1.3( 0.1)× 10-3 1480( 40 202( 3
PEA05R (2.1( 0.2)× 10-3 1500( 40 201( 4
PEA06R (2.2( 0.2)× 10-2 1480( 40 202( 7
PEA20R (8.0( 0.8)× 10-1 1490( 40 202( 3

Table 3. WLF Parameters ofaTr (T) at the Reference Temperature
Tr ) 270 K; PEAs Are Listed in Order of Increasing

Molar Mass Mw

sample c1
19 c2 (K)19 c1c2 (K) T0 ) Tr - c2 (K)

PEA15R 6.2 76 470 194
PEA16R 7.3 71 520 199
PEA17R 7.9 70 555 200
PEA01R 8.0 69 555 201
PEA18R 8.6 69 590 201
PEA02R 8.9 69 610 201
PEA04R 9.0 68 610 202
PEA05R 9.1 68 620 202
PEA06R 9.1 68 620 202
PEA20R 9.2 68 625 202

log aTr(T) )
-c1(T - Tr)

T - Tr + c2
(4)

GN
0 ) G′(ω : tanδ min) (5)
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complianceJe
0, which is defined1 as follows:

Figure 4 showsJe
0 calculated atT ) Tr ) 270 K (open circles)

as a function of the molar mass for all PEA samples.

4. Discussion

4.1. Mass-Dependent Thermal Behavior.As is known from
the literature (for example, refs 2 and 25-27 and references
therein) and is also easily checked from Tables 2 and 3, the
parameters of VF and WLF laws present a molar mass
dependence. Several empirical functional behaviors have been
suggested to describe these changes with molar mass.

In the framework of the free volume approach, the VF (eq
3) and WLF (eq 4) parameters are related by

wherefr is the free volume ratio at the reference temperature
andB is a constant.28

The unique molar-mass-dependent quantity in the expression
of Tb, or c1c2, is R, the latter being the thermal expansion

coefficient of the free volume.2 ExpandingR at the first order
on the inverse of molar mass as27

one finds thatTb(M) is given by the relationship25,26

so thatTb(∞) is B/R(∞).
In Figure 5, the mass dependence ofTb andc1c2 ln 10 (Table

3) is compared with the relevant curves obtained according to
eq 9. In both the cases the fitting parameterMTb

∞ is found as
MTb

∞ ) 520 g/mol, while the asymptotic valuesTb(∞) andc1c2-
(∞) ln 10 are found to be different with values of 1490 and
1440 K, respectively, because in the derivation of eq 7 the
quantitybTr(T) was neglected. It is worth nothing that a value
of R/B ≈ 6.8× 10-4 K-1 is obtained in agreement with similar
systems.2

Literature studies have suggested for the mass dependence
of the Vogel temperatureT0:26

Although from inspection of Figure 6 it is possible to conclude
that eq 10 fits well the experimental data from PEA samples,
becausec2, and thusT0, scale asfr/R, the mass dependence of
these parameters cannot be taken in the proper account in eq
10. In fact, both the quantitiesR andfr, the latter depending on
Tr and on the chain-end effect on the free volume,29 vary with
molar mass. Therefore, the functionT0(M) is not simply
described by the approximation of eq 10, and both theR and
the fr mass dependence should be considered.

As a simple ansatz one could consider the growth of free
volume with the tail concentration at low masses29 and write a
M expansion offr(M) asfr(∞)(1 + Mc1

∞ /M). The inset of Figure
6 supports this hypothesis, wherec1 ∝ 1/fr and a law

are compared. It is apparent that experimental data agree with
the theoretical curve. In the present case the fitting parameters

Figure 3. Master curves of the storage modulusG′ (filled marks) of
PEA05R, PEA06R, and PEA20R reduced at the reference temperature
Tr ) 270 K. The value of the plateau modulusGN

0, from the minimum
tan δ ) G′′/G′ (empty marks) criterion, is also marked for the three
samples.

Figure 4. MeasuredJe
0.

Je
0 ) lim

ωf∞

G′
G′′2

(6)

c1 ) B
fr ln 10

, c2 )
fr
R

) Tr - T0, c1c2 ) B
R ln 10

)
Tb

ln 10
(7)

Figure 5. PEA’s molar mass dependence ofTb (filled marks and solid
line) andc1c2 ln 10 (empty marks and dashed line).

R(M) ) R(∞)(1 + MTb

∞ /M) (8)

Tb(M) ) Tb(∞)(1 +
MTb

∞

M )-1

(9)

T0(M) ) T0(∞)(1 +
MT0

∞

M )-1

(10)

c1(M) ) c1(∞)(1 +
Mc1

∞

M )-1

(11)
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resulted to bec1(∞) ) B/(ln 10 fr(∞)) ) 9.12 andMc1
∞ ) 580

g/mol. Adopting this mass dependence onfr, one could therefore
rewrite the functionT0(M) (see eq 7 and related considerations)
as

where

The experimental fits ofT0 with eq 10 and with the proposed
eq 12 are reported in Figure 6. By inspection, the two fits show
almost the same behavior, except for the very low molar masses
where the curves obtained from eq 10 underestimateT0 with
respect to eq 12.

In the mass range of our PEA samples, eq 10 and eq 12 both
provide a good description of the data. However, in other
systems,30 literature studies have shown that eq 10 does not
provide a proper description ofT0 for molar mass ranging from
oligomers to high polymers. Moreover, the parameters of eq
10 cannot be connected to any microscopic quantity. In the
present PEA case, fitting the experimental data with eq 10
provides the parameterT0(∞) ) 202 K, as expected from Table
3, andMT0

∞ ) 46 g/mol. On the other hand, from eq 12, the
value of MTb

∞ is 530 g/mol, which is consistent with the
outcome forMTb

∞ from eq 9. The value of the parameterW is
480 g/mol, whileT0(∞) ) 202 K.

A further test of the consistence of the suggested fitting laws
(eqs 12 and 13) is given by substituting in eq 13 the parameter
values obtained forTb(M) from eq 9 and forc1(M) from eq 11.
One obtains the value of 490 g/mol as a prediction forW, nicely
close to the value provided by directly fitting the data.

The Fox-Flory31 empirical law

describes another important mass-dependent temperature of the
polymer, the glass transition temperatureTg, in terms of tail
free volume per unit volume. This can be expressed as 2θFNA/
M, θ being the free volume of the chain tail,NA the Avogadro
number, andF the density. In fact, assuming the free volume
ratio f atTg to be independent of the molar mass, the exceeding
free volume introduced by chain ends should be therefore
compensated by the thermal contraction

Equation 15 provides the expression

Quite reasonably, the quantityθ can be considered independent
of the polymer length because the tail mobility is not affected
by how much chains are long. Comparing eq 14 and eq 16,K
can be written as

The Fox-Flory law assumesK as a constant; however, in its
formulation (eq 17) the mass dependence of the thermal
expansion coefficientR could be explicited. As previously
discussed,R scales asR∞(1 + MTb

∞ /M);27 thus, a modified
Fox-Flory law is easily obtained:

Note that the functional form of eq 18 derives quite naturally
from the explicitedR dependence on the mass, providing in
such a way a direct meaning to the parameters which appear

Figure 6. Molar mass dependence ofT0 and its fits according to both the literature (eq 10) and the modified equation (eq 12) here proposed. The
inset shows the molar mass dependence ofc1.

Tg(M) ) Tg(∞) - K
M

(14)

2θFNA/M ) R(Tg(∞) - Tg(M)) (15)

Tg(M) ) Tg(∞) -
2θFNA

RM
(16)

K )
2θFNA

R
(17)

W )

Tr

Tb(∞)
MTb

∞ - 1
c1(∞) ln 10

Mc1
∞

Tr

Tb(∞)
- 1

c1(∞) ln 10

(13)
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determinated by the physical and structure properties of the
series of homologue polymers.

From Figure 7, it is seen that, in the examined range of
masses, both the curves obtained from eq 14 and eq 18 agree
with the measured values ofTg of the series of PEAs, but the
form of the original Fox-Flory law generates values lower than
the modified eq 18 for very low molar masses. This behavior
led Kanig and Uberreiter32 to introduce the empirical dependence
Tg(M) ) (1/Tg(∞) + C/M)-1 to better describe theTg(M)
behavior in the oligomers studied in their experiment. Another
example is found for polystyrene samples. In Figure 8, a fit of
these latter data33 with the eq 18 here proposed appears more
satisfactory than one with a Fox-Flory law.

A confirmation of the effectiveness of eq 18 in PEAs is given
by the value ofMTb

∞ considered in the fit as a free parameter. It
resulted to be 550 g/mol, in good agreement with the values
previously obtained from the study ofT0(M) and Tb(M). The
other two fitting parameters in eq 18,Tg(∞) andK′, are evaluated
respectively as 253 K and 38 000 K g/mol. The fitting procedure
of the data with a Fox-Flory law (eq 14) givesTg(∞) ) 253 K
and, instead,K ) 26 000 K g/mol.

To gain more information, the interpretation in terms of free
volume of the VF and WLF parameters of PEA polymers can
be pursued by focusing our attention on the polymeric properties
at the glass transition temperatureTg. It is known that some
portion of free volume is necessary to achieve chain mobility
at the glass transition temperature.34 At Tg as the reference

temperature, the fractional free volumefg should be a constant;
thus, according to eq 7,c1

g is expected to be a constant, while
c2

g is expected to show only the molar mass dependence of 1/R.
These hypotheses can be validated by extrapolatingc1

g and
c2

g from thec1 andc2 values obtained from the experiments:c1
g

results to be about 12 (Table 4), while a fit ofc2
g according to

the lawc2
g(∞)(1 + MTb

∞ /M)-1 gives as fitting parametersc2
g(∞)

) 51 K andMTb

∞ ) 540 g/mol (Figure 9), as already obtained
dealing with theTb, T0, andTg cases. An estimation offg/B )
1/(c1

g ln 10) provides the value 0.036.
From all the above results, the ratio between the fractional

chain-end free volume,θh ) θFNA/(nM0), and the fractional chain
free volume atTg, fg, may be evaluated as

nM0 is the molar mass of the polymer tail, andM0 is the
polymeric repeating unit molar mass. The coefficientc2

g(∞) is
the c2(∞) WLF coefficient, extrapolated atTg by means of
c2

g(∞) ) c2(∞) + Tg(∞) - Tr. If n = 4, the two volumes would
be equal, soTg would be prevented from decreasing with
polymeric mass; this would suggest that chain tails are not longer
than n ) 3 repeating units. This seems to be confirmed by
literature simulations11 where the tail free volume is evaluated
asθh ≈ 2fg, as predicted by eq 19 in the casen ) 2.

4.2. Mass Dependence of Material Parameters.The evalu-
ation of other features of the polymeric mass dependence can
be carried out by considering the behavior of the material
parameters such as the zero-shear viscosity, the plateau modulus,
and the steady-state compliance.

The shear viscosityη is expressed in terms of the shear
modulusG(t) as

Figure 7. Tg dependence on the mass for PEAs. Fits of Fox-Flory
law (solid line) and modified Fox-Flory (dashed line) are also reported.

Figure 8. Data ofTg from ref 33 fitted with the Fox-Flory law and
the modified Fox-Flory law proposed in this work. The latter better
agrees with the experimental results.

Figure 9. Dependence ofc2
g on the molar mass for PEAs. The

continuous line refers to a fit according to the lawc2
g(∞)(1 +

MTb

∞ /M)-1.

Table 4. WLF Parameters atTg; PEAs Are Listed in Order of
Increasing Molar Mass Mw

sample c1
g c2

g (K) sample c1
g c2

g (K)

PEA15R 12.6( 1.1 37( 3 PEA02R 12.0( 0.8 51( 3
PEA16R 11.8( 1.0 44( 3 PEA04R 12.7( 0.8 48( 3
PEA17R 11.8( 0.8 47( 3 PEA05R 12.0( 0.8 51( 3
PEA01R 11.8( 1.2 47( 4 PEA06R 12.1( 1.2 51( 4
PEA18R 12.2( 0.8 48( 3 PEA20R 12.2( 0.8 51( 3

θh
fg

) K′
2c2

g(∞)nM0

) 3.7
n

(19)

η ) ∫0

∞
G(t) dt (20)
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The Rouse model provides for the shear modulus

while according to the reptation scenario it should be

whereτR, τe, andτd are respectively the Rouse, the entangle-
ment, and the disengagement times.1 From the above relation-
ships it is obtained:

whereMe is the entanglement mass.1

As a matter of fact, the experimental polymeric shear viscosity
behavior deviates from eq 23: approximatively a kind of power
dependence on the mass is observed up to a critical massMc

(about 2.0-2.4 Me), while aboveMc, the mass dependence of
the viscosity follows a power law with exponent 3.4. The power
dependence at high molar masses can be explained by means
of the contour length fluctuation theory,1 even if recent theories
point out that a more complex dependence should be expected
and the 3.4 power law could be only due to an averaged slope
in a certain range of molar masses.35 The reason why the
crossover happens atMc instead ofMe is still an open issue.36

The fact that below the critical massMc, the linear dependence
is not observed29 arises from the different contributions of the
free volume of the chain tails.

A viscosity correction was therefore suggested in the litera-
ture29 in order to avoid the differences in free volume introduced
by the different concentration of polymer tails as the polymeric
mass is varied. In fact, the accessible volume, greater to tails
than to chains, provides greater mobility to shorter polymers,
in which the chain-ends concentration is higher. A consequence
of this fact is the lowering of the glass transition temperature
Tg as the molar massM is lowered, according to eq 14 and eq
18 of this and other works.31 Therefore, an iso-free-volume
correction is adopted to rescale the shear viscosity to the same
friction coefficient value.29,37

This is accomplished by observing that the shear viscosityη
can be written as

whereú andF are an effective monomeric friction coefficient
and a structural factor, respectively.29 F depends only on the
massM, while ú(T,M) is affected by the temperature and tail
concentration, the latter being however negligible in very long
chains. Thus, the identityú(T,M) ) ú∞(T) can be set for high
polymeric masses.

To evaluate only theF contribution to theη isothermal
dependence on molar mass,η could be rescaled by the ratio
ú∞(T)/ú(T,M), which eliminates the tail free volume effects on
theη mass dependence. This ratio can be evaluated as follows.
First, one notes that in a series of homologue polymersú varies
only with the free volume ratiof.29 f depends on both the mass
and temperature, and the same value off corresponds at different

couples of the (T, M) variables. Therefore, one writes

According to eq 24, one has

At a fixed temperature, from the Doolittle equation28 and eq 7,
it follows

c1(∞) is thec1 value for the highest molar masses which tends
to a constant value (Table 3 and Figure 6). Finally, the iso-
free-volume corrected shear viscosity is obtained multiplying
the ratio in eq 27 times the viscosity at the reference temperature
Tr at whichc1(M) andc1(∞) were obtained from horizontal shift
parameters via a WLF fit.

The iso-free-volume correction has been carried on the PEA
series at the three reference temperaturesTr: 270, 291, and 305
K. From the three experimental sets ofaTr(T) data, thec1

parameters are evaluated for all the different PEA samples
(Table 5 forTr ) 291 and 305 K; Table 3 for 270 K). It is then
possible to calculate the ratioú∞/ú according to eq 27 and
operate the correction ofη on the lowest masses.

Figure 10 shows the experimental and iso-free-volume
corrected viscosity of PEA series at the reference temperatures.
The two expected asymptotesη ∼ M at low masses andη ∼
M3.4 for the highest ones are also reported. As one can see, the
crossover between the two power law regions is very sharp at
Mc, where the two asymptotes intersect. This behavior is usually
described by the relationship29

and the exponent of the mass dependence at high molar masses
is given byâ∞ ) â + 1. The solid curves in Figure 10 were
calculated by using eq 28, and each of them provided the
common value for theâ∞ parameter of 3.40( 0.04. On the
other hand, the critical mass and the prefactorA are different
for the different reference temperatures. It is found: atTr )
270 K, Mc ) 25 800( 500 g/mol andA ) 145( 5 Pa s mol/
g; at Tr ) 291 K, Mc ) 26 500( 500 g/mol andA ) 1.02(
0.02 Pa s mol/g; atTr ) 305 K,Mc ) 26 400( 500 g/mol and
A ) 0.083( 0.001 Pa s mol/g.

Table 5. WLF Coefficients for Iso-Free-Volume Corrections of
Zero-Shear Viscosity atTr of 291 and 305 K; Samples Are Listed in

Order of Increasing Molar Mass Mw

Tr ) 291 K Tr ) 305 K

sample c1
19 c2 (K)19 c1

19 c2 (K)19

PEA15R 4.9 97 4.3 111
PEA16R 5.6 91 4.8 106
PEA17R 6.1 91 5.3 105
PEA01R 6.1 90 5.3 104
PEA18R 6.3 90 5.7 104
PEA02R 6.5 90 5.7 104
PEA04R 6.9 89 5.9 103
PEA05R 6.8 90 6.0 103
PEA06R 6.9 89 6.0 103
PEA20R 7.0 89 6.1 103

ú∞(T)

ú(T,M)
)

ú(f ∞)

ú(f )
(25)

ú(f ∞)

ú(f )

F(M)

F(M)
)

η(f ∞)

η(f )
(26)

ú∞

ú(M)
) 10c1(∞)-c1(M) (27)

η(Mw) ) AMw[1 + (Mw

Mc
)â] (28)

G(t) )
FRT

M
∑

p

exp(-
2tp2

τR
) (21)

η ) ú(T,M) F(M) (24)
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From eq 23 it is possible to make explicit the expression of
A of eq 28:

where b is the length of one polymeric segment andú0 the
monomeric friction coefficient. It follows

which gives b2ú0(270 K) ) (7.7 ( 0.3) × 10-23 N m s,
b2ú0(291 K) ) (5.4 ( 0.1)× 10-25 N m s, andb2ú0(305 K) )
(4.4 ( 0.1) × 10-26 N m s. Assuming thatb ≈ 6-7 Å38 and
that, according also to eq 24,ú0(T) scales as2

a VF fit of the data allows the evaluation of the free parameter
ú0

∞. The inspection of Figure 11 shows thatú0(T) data follow
the theoretical curve of eq 31 by setting the valuesT0(∞) )
202 K andTb(∞) ) 1490 K. It is foundú0

∞ ) (6.3 ( 0.2) ×
10-14 N s/m.

It is known that the critical massMc is related to the
entanglement massMe, beingMc/Me ≈ 2.0-2.4.1 This finding
may be checked also in our PEA samples. In fact, the
entanglement massMe can be computed from the plateau
modulusGN

0 of the storage moduliG′ master curves at the
reference temperature as20

From theGN
0 values drawn from the master curves of PEA05R,

PEA06R, and PEA20R shown in Figure 3, it is obtainedMe )
12 000 g/mol at 270 K,Me ) 12 300 g/mol at 291 K, andMe

) 11 800 g/mol at 305 K, resulting in a constant ratioMc/Me

) 2.2 ( 0.1 in this temperature range.
In Figure 12, the scaled iso-free-volume corrected viscosities

η(M)/η(Mc) at the temperatures of 270, 291, and 305 K are
plotted as a function of the mass and compared with the
theoretical dependence predicted by the Rouse model and the
McLeish model for linear entangled polymers.35 As one can
see, the data well agree with the theoretical curves. This
comparison provides a consistency check for our data, but also
an independent test of the theory35 by using a different
chemistry.

From the master curves, the steady-state shear compliance
Je

0 is calculated. At the frequencies of the terminal region, the
polymeric chains have completely relaxed, and therefore the
effects of molar mass and polydispersity can be detected. In
monodisperse polymers, the empirical equation34 has been
proposed for the molar mass dependence of steady-state
compliance

Mc′ is a second critical mass, different fromMc. A plateau should
be found for high molar masses, while the Rouse behaviorJe

0

) 2M/(5FRT) is expected for low polymeric masses. In Figure
13 theJe

0 data are shown.
Almost all PEA samples are nearly monodisperse; however,

PEA15R, PEA06R, and PEA20R show polydispersity greater
than 1.15; consequently, theJe

0 data of these latter samples
could not follow eq 33. Several attempts to correlateJe

0 with
mass distributions of polymers have been developed. The most
accredited relationship isJe

0 ∝ (Mz/Mw)3.7,3,4 but exponents in
the range of 2.5-4.0 have been also found.39 In this work the
trend of steady-state compliance could be compatible with a
law (Mz/Mw)a with a ≈ 3.7. OnceJe

0 data have been corrected
according to this choice, the steady-state compliance of PEA
samples can be rescaled to the common value of polydispersity
Mz/Mw ) 1.

A minimum square fit of iso-polydispersity-corrected values
of Je

0 with D andMc′ as free parameters in eq 33 is therefore
carried out, and it is reported in Figure 13. The fit nicely follows
the experimental data of the PEA’s steady-state compliance and

Figure 10. Viscosity dependence on the molar mass at three different
reference temperatures. The measured viscosity (open circles) and the
iso-free-volume-corrected viscosityη(Mw) are shown. After the cor-
rection,η shows a linear behavior until the critical massMc is reached;
for heavier masses,η ∝ Mw

3.4.

A ) π2

12
FRT

M2
τR )

FNab
2ú0

36M0
2

(29)

b2ú0 )
36AM0

2

FNa
(30)

ú0(T) ) ú0
∞ exp( Tb(∞)

T-T0(∞)) (31)

Me ≡ FRTr

GN
0

(32)
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for the parameters provides the valuesD ) (10 ( 2) × 10-6

Pa-1 andMc′ ) 70 000( 9000 g/mol. BeingTr ) 270 K, then
the value ofD allows one to evaluateF as 1.2( 0.2 g/cm3.

This value agrees with the value reported in the literature17 and
adopted in this work. It is also easy to verify the well-known1

finding Mc′ ≈ 3Mc ≈ 6Me.

5. Summary

In the present paper, we have carried out a study of
thermorheological properties of nearly monodisperse poly(ethyl
acrylate) samples, synthesized according to a recent literature
procedure. The experimental data of zero-shear viscosity and
complex modulus were used to check the thermorheological
simplicity of PEAs and to investigate the mass behavior of
thermal parameters by resorting to the free volume approach.

The effects of the crossover between unentangled and
entangled dynamics of the polymeric material was observed as
a trend toward a plateau regime at high molar masses in the
glass transition temperature and in the parameters of VF and
WLF laws. Our observations are consistent with fitting laws
suggested in the literature over the past years, but a compre-
hensive interpretation in terms of free volume is here proposed
with a new coherent scenario for modified fitting laws, where
the free parameters are connected to microscopic quantities. The
consistency of this approach has been demonstrated. These
fitting procedures allowed also the estimation of the length of
the chain tails in agreement with literature simulations.

Moreover, from the study of the mass dependence of viscosity
at different temperatures (with iso-free-volume corrections) and
of the material functions plateau modulusGN

0 and steady-state
complianceJe

0, the onset of entangled regime was estimated by
the massesMc, Me, andMc′, which fulfilled the empirical rule
6Me ≈ 3Mc ≈ Mc′ as for conventional linear polymers. The
estimation of the monomeric friction coefficientú0(T) is also
provided.
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