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Effects of molecular weight on the liquid-liquid transition in polystyrene
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A substantial internal friction peak associated with the liquid-liquid transition (7}) has been
observed in polystyrene (PS) melts with different molecular weights M,,. The peak is of the
relaxation type and suggested to be caused by the cooperative rearrangement of PS chains. The
relaxation time follows the Vogel-Fulcher—-Tamman equation. With increasing M,,, the PS melt
exhibits a higher energy barrier, a smaller concentration of mobile species, and a stronger coupling
between mobile species at 7). In addition, to quantify the strength of the temperature dependence of
the relaxation time, a parameter my, is defined for PS melt according to Angell’s fragility concept.
The value of m;; decreases with increasing M, indicating a slower cooperative rearrangement of PS
chains toward 7j;. Moreover, at M, <52.5 kg/mol, my rapidly drops with M,,, while it more slowly
decreases at M,,>52.5 kg/mol. The fact suggests more topological constraints due to the intrachain
interactions in very long chains. © 2008 American Institute of Physics. [DOL: 10.1063/1.2904588]

I. INTRODUCTION

The most significant transition in amorphous polymers is
the glass transition (7,), a change from glass to viscoelastic
melt. Aside from T,, there is another transition called the
liquid-liquid  transition  (7}), generally located at
(1.1—1.3)Tg.1 Recently, growing attention has been paid to
T, due to the damping capability of polymers.z’3 Since
Boyer4 proposed the existence of Tj; in polystyrene (PS) in
1966, it has been the subject of a large amount of studies.
Many experimental methods were exploited to prove the ex-
istence of T and understand its nature, including torsional
braid analysis, viscosimetry, differential scanning calorim-
etry, dynamic mechanical analysis, spectroscopic methods,
nuclear magnetic resonance, thermally stimulated current,
and so on.”"® Generally, T); is viewed as the transition of the
polymer melts from the “immobile liquid” to the “true
1iquid.”1’7’14’15 The nature of the transition was used to be
attributed to the breakage of short-range intermolecular in-
teraction and the onset of motion of melts,12 the change in
the state of localized order,”'*'* the slippage of chain en-
tanglements and chain ends,11 and the dissociation of chain
clustering.”’18 Although a great deal of research has been
done on Ty, little information has been reported so far with
regard to influence of molecular weight (M,,) on the dynam-
ics near and above T}, where the variation of M, is directly
related to the change of interchain or intrachain interaction in
polymer melts.

Anelastic spectroscopy (internal friction technique) has
been widely used in solid-state physics and materials science
to study crystal structures, defects, and phase transitions in
solids,"” ™ as well as dynamics in liquids and polymers.23_25
In particular, anelastic spectroscopy gives direct information
about the molecular relaxation dynamics in materials.”®?’
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Recently, on the basis of anelastic spectra data, it has been
confirmed that there exists a liquid-liquid transition in amor-
phous PS melts.'”"®® In this letter, we have investigated T,
of PS melts with different molecular weights by low-
frequency anelastic spectroscopy. The aim of the present
study is to detect how change of molecular weight affects the
dynamics of PS melt near and above Tj;.

Il. EXPERIMENTAL

Monodisperse PS (M,, from 10.2 to 215 kg/mol) was
prepared by anionic polymerization. The weight-average mo-
lecular weights and molecular weight distributions are listed
in Table 1.

The anelastic spectroscopy measurements were con-
ducted on a developed low-frequency inverted torsion pen-
dulum by using the forced-vibration method. The details of
the device can be found elsewhere.”’ According to this tech-
nique, the internal friction (Q~') was calculated by measur-
ing the loss angle (¢) between applied stress and resulting
strain. Meanwhile, the dynamic modulus (G) was calculated
from the ratio between the stress and strain. The measure-
ments were carried out with a torsion strain amplitude of 3
X 107> and a temperature-cooling rate of 0.33 K/min. For

TABLE I. Characteristics of PS with different molecular weights. The value
of T,, Qphy and B are extracted from the fitting of Fig. 5 measured at a
vibration frequency of 3 Hz.

M, T, Ot B
(kg/mol) M, IM, (K) (£0.005) (+0.05)
10.2 1.04 405 1.23 2.58
15.6 1.11 414 1.20 2.63
27.9 1.02 432 1.18 2.90
52.5 1.05 456 1.04 3.79
122 1.03 462 0.87 3.92
215 1.05 506 0.87 4.16
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FIG. 1. (Color online) The curves of (a) dynamic modulus and (b) internal
friction vs temperature for PS melt with M, =52.5 kg/mol at various
frequencies.

given torsion frequencies (f), the internal friction and dy-
namic modulus of the samples were measured as a function
of temperature. The sample was protected by argon with a
pressure of 0.1 MPa to avoid oxidation and degradation.

lll. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) present the anelastic spectroscopy
(dynamic modulus G and internal friction Q7!) of one ex-
ample of PS melt with M,,=52.5 kg/mol at various frequen-
cies. An obvious internal friction peak was observed at about
430-470 K, accompanied by a corresponding decrease on
the dynamic modulus. Note that the peak is thermally acti-
vated, as it shifts to higher temperatures with increasing vi-
bration frequency. So there exists a thermoinduced anelastic
relaxation process instead of phase transition. As described
in the previous work,'® the internal friction peak here was
associated with Tj; of PS. As the temperature surpasses T,
only a part of interaction between chains breaks and some
segment entanglements still remain in the liquid (“fixed lig-
uid”), which finally leads to the Tj; where all these interac-
tions disappear and a pure liquid state (true liquid) is
reached.”"* For a thermally relaxation process, we have the
Arrhenius relation of 7=7, exp(E/kT), where 7 is the relax-
ation time, 7, is the relaxation time extrapolated to infinite
temperature, and E is the activation energy. The internal fric-
tion peak occurs at the following condition:

wTt=1, (1)
where w is the circular frequency (=27f). So at the peak, it
gives

In7=—1In w=1In 7y + E/kT,, (2)
where T, is the temperature at the peak. Through the In 7 vs
1/T, curve (as shown in Fig. 2), we obtained E=1.75 eV and
7o=1072*1 5 for PS melt with M,,=52.5 kg/mol. Here, 7, is

so low compared to the general values which are higher than
107161 5" strongly indicating that it is a cooperative relax-

J. Appl. Phys. 103, 073519 (2008)

logr, = (-20£1) s
OF E=175ev
—~-1f
Zz
[=3
=
3t
L)
4 .

2.I22 2.28 ; 2.I34
1000/ T, (K”)

2.16

FIG. 2. (Color online) Logarithmic relaxation time In 7 vs reciprocal of net
peak temperature 1/7), for PS melt with M,,=52.5 kg/mol.

ation process.28 For the relaxation near and above T,, the
relaxation time 7 follows the Vogel-Fulcher-Tamman (VFT)

equation,
E/
} 9’ (3)

T=T, exp{m
— 10

where Ty, is the critical temperature (or “Vogel temperature”),
and E’ is termed as an “activation energy,” physically repre-
senting an Arrhenius-like temperature activation energy.
Analogically, combined with Eq. (1), we have

In7=-Inw=1In7+E'/k(T,-T,). (4)

At many given T, through the In 7vs 1/k(T,~T,) curve,
we obtained different In 7, and E’ by the linear fitting pro-
cedure. The final values of In 7y and E' are obtained when
the root mean square error [standard deviation (SD)] between
the linear fitting curve and the actual data reaches the mini-
mum at one given T, (as shown in Fig. 3). The values of 7,
E’, and T, of PS melts with different molecular weights M,
are plotted in Figs. 4(a)-4(c), respectively. From Fig. 4, we
can see that the activation energy parameter E’ decreases
from 0.230 to 0.070 eV and T, increases by 80 K when M,
is increased from 10.2 to 215 kg/mol. [Note by inspection
of Eq. (3) that decreasing E’ corresponds to increasing tem-
perature sensitivity.| Thus, the higher temperature sensitivity
for the relaxation time with M,, is found.””

Figure 5 shows the variation of internal friction versus
temperature for PS melts with different molecular weights at
a vibration frequency of 3 Hz. With increasing M, the dis-
sipation peak shifts to higher temperature and becomes lower
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FIG. 3. The variations of the root mean square error (SD, M) and the
logarithmic relaxation time (log 7), 4) at various temperatures 7T},.
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FIG. 4. (Color online) (a) Activation energy E’, (b) pre-exponential factor
of relaxation time 7, and (c) critical temperature Tj, vs molecular weight
M

we

and broader. The resulting peak temperature 7,, the peak
height Q7! . and the distribution parameter 3 of peak width
are obtained by a fitting procedure31 used in Refs. 32 and 33.
The values of them are also shown in Table I. Note that 7),
increases with increasing M,,, and Q! decreases. The in-
creasing 7, indicates a higher energy barrier at the
transition,”’ and the decreasing Q;! implies a smaller con-
centration of mobile species.3’4 It should also be noted that 8
is an increasing function of M,, (Table I), indicating a
broader distribution of mobile species involved in the move-
ment. The dissipation peak occurs when the vibration fre-
quency is close to the intrinsic frequency originating from
the mobility of the polymer chain between topological
knots.'” The increasing distribution of mobile species with
M,, causes a larger distribution of the intrinsic frequency of
mobile species. As a result, the boarder dissipation peak with
M,, is observed under thermal energy.

On the other hand, the increasing 8 may imply a stron-

ger coupling between mobile species in the relaxation
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FIG. 5. (Color online) The variation of internal friction vs temperature for
PS melts with different molecular weights obtained at a vibration frequency
of 3 Hz.
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process.35 The coupling parameter n (0<n<1), which is
closely related to the topological constraints of the entangled
system, increases as the coupling strength increases.’**® As
discussed in Refs. 32 and 35, a higher value of 8 generally
corresponds to a bigger coupling parameter n. Thus, the
larger the M, of PS is, the more topological constraints and
the stronger coupling between PS chains would be.

To further study the effect of molecular weight on the
dynamics and quantitatively measure the dynamics of T, it-
self, a parameter of polymer melt my is proposed. As we
an(;W, the dynamic fragility m is widely used and defined
as

dlogt
d( Tref/ T)

(5)

5
I= Tref

where T, is a reference temperature. Replacing f with
1/(27r7) and taking the first derivative of the VFT expres-
sion, one obtains

E

5 (6)
kT,i(In 10)(1 - TT—O)

ref

m=

Equation (6) indicates that the fragility m is indeed the rela-
tive variation rate of the temperature dependence of relax-
ation time 7 toward T, Angell used 7, to normalize tem-
perature because it is one of the most important characteristic
temperatures associated with the glass transition. Likewise,
the liquid-liquid transition temperature 77, is a more impor-
tant characteristic temperature related to the relaxation pro-
cess for an entire polymer chain. If 7}, is used to normalize 7,
the parameter expressed in Eq. (6) can be rewritten as

_dlogT _dlogt
T ) ety T =,
E
= : (7)
To\?
kT]](ln 10) 1-—
Ty

Here, my is just a parameter to measure the relative variation
rate of the temperature dependence of relaxation time 7 to-
ward Tj. “Strong” melts exhibit lower my values at T}, and
“fragile” melts exhibit higher values at 7}. The Tj-scaled
Arrhenius plot for PS melts with different molecular weights
is shown in Fig. 6(a), and the values of m,; calculated from
Eq. (7) are shown in Fig. 6(b). The increasing steeper trends
of In 7 (T};/T) with decreasing M,, [Fig. 6(a)] indicate the
more fragile melts.

The value of my decreases with increasing M,, [Fig.
6(b)], implying that the PS melt experiences a slower chain
rearrangement toward 7j. This behavior is comprehensible
because the dissociation of chain clustering of one PS chain
would be hindered by the increasing steric hindrances of sur-
rounding PS chains. Moreover, we can observe from Fig.
6(b) that my rapidly decreases with the molecular weight at
M, <52.5 kg/mol. However, it more slowly decreases at
M,,>52.5 kg/mol. The M,, dependence of my suggests the
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FIG. 6. (Color online) (a) Tj-scaled Arrhenius plot for PS melts with dif-
ferent molecular weights and (b) the M,, dependence of the parameter m, of
PS melts; the solid line is a guide for the eyes.

different topological constraints caused by interchain or in-
trachain interactions at M,<52.5 and M, >52.5 kg/mol.
The interchain interactions are dominant in short chains. As
the length of chains increases, the role of intrachain interac-
tions becomes more significant and they might dominate in-
terchain interactions in very long chains. Thus, the PS chains
tend to slowly relax into the free space above 52.5 kg/mol.

IV. CONCLUSION

We present the anelastic spectra of a series of PS with
different molecular weights M, near and above Tj. The
liquid-liquid transition is a relaxation process through the
cooperative rearrangement of PS chains. The PS melt with a
higher M|, shows a higher energy barrier, a smaller concen-
tration of mobile species, and a stronger coupling between
mobile species at T}.. Based on the established methods in
supercooled liquid, a parameter my; is defined to characterize
the dynamics near and above Tj. It is found that m, de-
creases with increasing M, indicating a slower cooperative
rearrangement of PS chains toward 7). In addition, at M,
=<52.5 kg/mol, my sharply decreases with increasing M,,
while it more slowly decreases at M,,>52.5 kg/mol, imply-
ing more topological constraints due to the intrachain inter-
actions. The parameter my; is found to reflect well the topo-
logical characteristics of polymer melts near and above Tj;.

ACKNOWLEDGMENTS

This work was supported by the National Natural Sci-
ence Foundation of China (10674135) and The Chinese
Academy of Sciences (KJCX2-SW-W17). We are thankful to

J. Appl. Phys. 103, 073519 (2008)

Professor G. Z. Zhang, Professor C. S. Liu, Professor J. P.
Shui, Professor Q. P. Kong, and Professor Q.F. Fang for
stimulating suggestions and discussion.

'R.F. Boyer, In Order in the Amorphous State of Polymers, edited by S. E.
Keinath, R. F. Miller, and J. K. Rieke (Plenum, New York, 1987), P. 1L
I R Wu, G. S. Huang, Q. Y. Pan, and L. L. Qu, Appl. Phys. Lett. 89,
121904 (2006).
¥y, C. Zhu, W. Zhou, J. J. Wang, B. Wang, J. R. Wu, and G. S. Huang, J.
Phys. Chem. B 111, 11388 (2007).

“R. F. Boyer, J. Polym. Sci., Part C: Polym. Symp. 14, 267 (1966).
3s. 1. Stadnicki, J. K. Gillham, and R. F. Boyer, J. Appl. Polym. Sci. 20,
1245 (1976).

p. M. Smith, R. F. Boyer, and P. L. Kumler, Macromolecules 12, 61
(1979); P. M. Smith, Eur. Polym. J. 15, 147 (1979).

'R. F. Boyer, J. Macromol. Sci., Phys. 18, 461 (1980); J. Appl. Polym. Sci.
32, 4075 (1986).

8. K. Kruger, L. Peetz, R. Zentel, and P. Claudy, Phys. Lett. 114A, 51
(1986).
°F. S. Liao, A. C. Su, and J. Hsu, Polymer 35, 2579 (1994).

195, S. N. Murthy, J. Polym. Sci., Part B: Polym. Phys. 31, 475 (1993).

'IN. R. Langley and J. D. Ferry, Macromolecules 1, 353 (1968); J. F. Sand-
ers and J. D. Ferry, ibid. 7, 681 (1974).

2P Irina and R. Franjo, J. Polym. Sci., Part B: Polym. Phys. 39, 129 (2001);
Macromol. Chem. Phys. 202, 1844 (2001).

13T, Hamieh and J. M. Saiter, J. Phys. IV 113, 25 (2004).

g, Dudognon, A. Bernes, and C. Lacabanne, Macromolecules 35, 5927
(2002); J. Non-Cryst. Solids 307-310, 671 (2002); J. Macromol. Sci.,
Phys. 43, 591 (2004); Polymer 43, 5175 (2002).

'p. Xu, X. Y. Zhang, and H. B. Lu, J. Macromol. Sci., Phys. 45, 849 (2006).

151, ML Kalogeras, F. Pallikari, A. Vassilikou-Dova, and E. R. Neagu, Appl.
Phys. Lett. 89, 172905 (2006).

'7S. Y. Shang, Z. G. Zhu, Z. J. Lu, and G. Z. Zhang, J. Phys.: Condens.
Matter 19, 416107 (2007).

'8S. Y. Shang, X. B. Wu, and Z. G. Zhu, Physica B 396, 160 (2007).

YA, S. Nowick and B. S. Berry, Anelastic Relaxation in Crystalline Solids
(Academic, New York, 1972).

2, Cordero, A. Paolone, R. Cantelli, and M. Ferretti, Phys. Rev. B 67,
104508 (2003).

e Castellano, F. Cordero, R. Cantelli, and M. Ferretti, J. Appl. Phys. 92,
7206 (2002).

2Y. R. Dai, P. Bao, J. S. Zhu, J. G. Wan, H. M. Shen, and J. M. Liu, J. Appl.
Phys. 96, 5687 (2004).

BF. Q. Zu, Z. G. Zhu, L. J. Guo, B. Zhang, J. P. Shui, and C. S. Liu, Phys.
Rev. B 64, 180203 (2001).

*F. Q. Zu, Z. G. Zhu, L. J. Guo, X. B. Qin, H. Yang, and W. J. Shan, Phys.
Rev. Lett. 89, 125505 (2002).

e Castellano, J. Generosi, A. Congiu, and R. Cantelli, Appl. Phys. Lett.
89, 233905 (2006).

2y, M. Wang, J. Li, and Z. G. Zhu, Macromolecules 31, 4288 (1998).

7. C. Zhou, F. S. Han, and Z. Y. Gao, Acta Mater. 52, 4049 (2004).

X B. Wu and Z. G. Zhu, Appl. Phys. Lett. 90, 251908 (2007).

#7.G. Zhu, F. Q. Zu, L. J. Guo, and B. Zhang, Mater. Sci. Eng., A 370, 427
(2004).

307, Wau, T. S. Haddad, G. M. Kim, and P. T. Mather, Macromolecules 40,
544 (2007).

*1Q. F. Fang, Acta Metall. Sin. 32, 565 (1996).

32Y. Shi, P. Cui, Q. P. Kong, W. B. Jiang, and M. Winning, Phys. Rev. B 71,
060101(R) (2005).

W. B. Jiang, P. Cui, Q. P. Kong, Y. Shi, and M. Winning, Phys. Rev. B 72,
174118 (2005).

e, Castellano, D. Pozzi, G. Caracciolo, and R. Cantelli, Appl. Phys. Lett.
83, 2701 (2003).

By, Shi, W. B. Jiang, Q. P. Kong, P. Cui, Q. F. Fang, and M. Winning, Phys.
Rev. B 73, 174101 (2006).

¥K. L. Ngai, in Disordered Effects on Relaxational Properties, edited by R.
Richert and A. Blumen (Springer, Berlin, 1994), pp. 89-150.

3C. A. Angell, I. Phys. Chem. Solids 49, 863 (1988); J. Non-Cryst. Solids
131, 13 (1991).

Downloaded 21 Jun 2010 to 61.190.88.137. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1063/1.2335376
http://dx.doi.org/10.1021/jp071670v
http://dx.doi.org/10.1021/jp071670v
http://dx.doi.org/10.1002/app.1976.070200510
http://dx.doi.org/10.1021/ma60067a013
http://dx.doi.org/10.1016/0014-3057(79)90200-3
http://dx.doi.org/10.1080/00222348008243729
http://dx.doi.org/10.1002/app.1986.070320323
http://dx.doi.org/10.1016/0375-9601(85)90605-X
http://dx.doi.org/10.1016/0032-3861(94)90382-4
http://dx.doi.org/10.1002/polb.1993.090310413
http://dx.doi.org/10.1021/ma60004a016
http://dx.doi.org/10.1021/ma60041a025
http://dx.doi.org/10.1002/1099-0488(20010101)39:1<129::AID-POLB120>3.0.CO;2-E
http://dx.doi.org/10.1002/1521-3935(20010601)202:9<1844::AID-MACP1844>3.0.CO;2-E
http://dx.doi.org/10.1021/ma012243x
http://dx.doi.org/10.1081/MB-120030008
http://dx.doi.org/10.1081/MB-120030008
http://dx.doi.org/10.1016/S0032-3861(02)00395-6
http://dx.doi.org/10.1080/00222340600773511
http://dx.doi.org/10.1063/1.2370354
http://dx.doi.org/10.1063/1.2370354
http://dx.doi.org/10.1088/0953-8984/19/41/416107
http://dx.doi.org/10.1088/0953-8984/19/41/416107
http://dx.doi.org/10.1016/j.physb.2007.03.030
http://dx.doi.org/10.1103/PhysRevB.67.104508
http://dx.doi.org/10.1063/1.1522487
http://dx.doi.org/10.1063/1.1805187
http://dx.doi.org/10.1063/1.1805187
http://dx.doi.org/10.1103/PhysRevB.64.180203
http://dx.doi.org/10.1103/PhysRevB.64.180203
http://dx.doi.org/10.1103/PHYSREVLETT.88.125505
http://dx.doi.org/10.1103/PHYSREVLETT.88.125505
http://dx.doi.org/10.1063/1.2402240
http://dx.doi.org/10.1021/ma970751u
http://dx.doi.org/10.1016/j.actamat.2004.05.020
http://dx.doi.org/10.1063/1.2749842
http://dx.doi.org/10.1016/j.msea.2003.07.021
http://dx.doi.org/10.1021/ma061886f
http://dx.doi.org/10.1103/PhysRevB.71.060101
http://dx.doi.org/10.1103/PhysRevB.72.174118
http://dx.doi.org/10.1063/1.1611651
http://dx.doi.org/10.1103/PhysRevB.73.174101
http://dx.doi.org/10.1103/PhysRevB.73.174101
http://dx.doi.org/10.1016/0022-3697(88)90002-9
http://dx.doi.org/10.1016/0022-3093(91)90266-9

