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Figure 5. Potential energy distributions for poly(ethy1ene oxyben- 
zoate) a form. The bold line represents the model used in calcula- 
tion. 

as expected from the approximated eq 37, where the condition 
of A6 = 0 is neglected. In fact, PED to T(G) and T(T) have al- 
most the same values without the condition of A0 = 0, as 
shown in Table 111. But under the condition of A0 = 0, PED 
to T(T) is nearly zero. From eq 31 the condition of A0 = 0 is 
expressed by 

A41 - A42 + 2.lAr(T) = 0 (39) 

where 41 = fCHrCFpCH2 and 42 = fCFrCHyCF2.  A41 
and A42 are calculated to have values of the same order, so 
that AT(T) becomes very small using eq 39, resulting in the 
nearly zero PED. AT(G) has high PED as expected from the 
large value of (ad/aT(G))2 in Table 111, since AT(G) is an in- 
dependent variable. Thus the very small PED to T(T) in Fig- 

ure 4 may be due to the existence of the condition of A0 = 0, 
unexpected from eq 37. As described above, eq 37 and 38 are 
very useful for the discussion of the elastic deformations of 
the chains. We must, however, remember that these equations 
have some limitations because of neglecting the condition of 
A9 = 0, when we discuss the potential energy distributions of 
chains in the “crystal lattice”, as found in the case of PVDF 
form 11. 

In the above discussion, (ad/aRi)2 is dimensionless and the 
unit of Fii-’ is mdyn/A. Such dimensions were adjusted for 
the bond angles (indicated by the atoms i, j ,  and k) and in- 
ternal rotation angles (indicated by the atoms i, j ,  k, and I)  
according to the following equations. 

ad /a4( dimensionless) = ad /&( &ad)/ (rjjrjk ) ‘I2 
ad/&( dimensionless) 

= dd/ar(A/rad)/(rijrkl Sin 4 i j k  Sin @jkl)’” 

F+-l(A/mdyn) = FB-’(rad2/mdyn A)rijrjk 

F,-’(A/mdyn) = F,-’(rad2/mdyn A)rijrkl sin 4 i j k  sin 4 j k l  
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Brillouin Scattering from Molten Linear 
Polyethylene 
G. D. Patterson* and J. P. Latham 
Bell Laboratories, Murray Hill, New Jersey 07974. Received February 7,1977 

ABSTRACT Brillouin scattering from several molten linear polyethylenes is examined. The master relation be- 
tween phonon velocity and relative free volume given by Champion and Jackson is extended and confirmed. A more 
general relation is used to examine in detail the phonon velocity and conclusions are drawn about the local structure 
in polyethylene melts. 

Brillouin scattering from liquid n-alkanes has been exten- 
sively studied by Champion and Jackson.’ A master relation 
between longitudinal phonon velocity VI and relative free 
volume, Vo/Vf, where VO is the specific volume extrapolated 
to 0 K without chnge of phase and Vf is the free volume 

V1 a (VO/V#/~ (1) 

was found to hold for the n-alkanes in the temperature range 
20-140 OC. Also, the phonon velocity a t  each temperature 

appeared to be approaching an asymptote with chain length. 
The present work extends the measurements of Vi to include 
higher molecular weight polyethylenes in the molten state. 
The results are then discussed in terms of the general theory 
of sound velocity in liquids. Conclusions are also drawn about 
the nature of molten linear polyethylene. 
Theory 

to give frequency shifted scattered light with splitting 
Longitudinal thermal acoustic phonons interact with light 



Vol. 10, NO. 4, JUly-August 1977 

1000- 

Brillouin Scattering from Molten Linear Polyethylene 737 

0 

LINEAR P E  

I 

1000- 

+ 
+ A 

+ A  

0 * 
0 

t 

* 
0 

' 0  

0 

+ 
A 

0 
0 

0 - zoooc 
0 - 1800C 
P 16OoC 
t - 14OoC 

I 
100 200 

n 
" p  

Figure 1. Brillouin splitting Awl vs. chain length at 140,160,180, and 
200 "C. 
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Figure 3. Rayleigh-Brillouin spectrum of n-hexadecane at 120 "C. 
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Figure 2. Phonon velocity V I  vs. ( Vf/V0)-1/3 for polyethylene. 

(2) f Awl/wo = 2fi - sin 012 

where w0,is the incident frequency, f i  is the refractive index, 
V1 is the longitudinal phonon velocity, C is the speed of light 
in a vacuum, and 0 is the scattering angle in the scattering 
plane. If there is little or no dispersion in the phonon velocity, 
the value of VI obtained by Brillouin scattering should equal 
the low-frequency speed of sound 

VI 
C 

Vl(0) = (')In (3) 
PKT 

where y = CpICv is the ratio of specific heats, p is the density, 
and KT is the isothermal compressibility. 

Experimental Section 
Brillouin spectra were obtained as described previou~ly .~*~ The 

incident light had a wavelength of 5145 8, and the scattered light was 
observed a t  90'. The phonon velocities were then calculated from the 
measured values of Awl and calculated values of the refractive 
index. 

All samples were heated in quartz cuvettes until fully melted. The 
cuvettes were then flushed with dry nitrogen and stoppered. Mea- 
surements of Awl were carried out between the melting points and 200 
"C for all samples. 

Results and Discussion 
Values of Awl at temperatures of 140,160,180, and 200 "C 

are plotted vs. n, the number of carbon atoms, in Figure 1. 
Data a t  lower temperatures for n-hexadecane (c16) and n- 
hexatriacontane (C36) agree well with the results of Champion 
and Jackson.' The Brillouin splitting Awl reaches an asymp- 
tote with chain length in molten polyethylene. 

In the work of Champion and Jackson1 the free volume was 
calculated as described by Doolittle4 

Vf = v - v, (4) 

where V is the specific volume. The phonon velocities V1 are 
plotted vs. ( V f l V ~ ) - l / ~  in Figure 2. As found previously,' all 
the data fall on a master line. The phonon velocity is sensitive 
only to the linear density within the homologous series of 
polymethylenes. 

As noted above, if there is no dispersion the phonon velocity 
should depend only on y, p, and KT. The density of n-hexa- 
decane a t  120 "C is 0.7036 g / ~ m ~ . ~  The compressibility is 161 
X cmzldyn.6 The ratio of specific heats can be obtained 
from the Rayleigh-Brillouin spectrum shown in Figure 3. The 
ratio of the Rayleigh peak intensity I R  to the Brillouin peak 
intensities 2 1 ~  is equal to y - 1.7 The value obtained from the 
spectrum is y = 1.227. Thus the calculated phonon velocity 
for n-hexadecane at 120 "C is Vl(0) = 1.04 km/s. The observed 
value of VI was 1.03 f 0.1 kmls in good agreement with the 
thermodynamic value. The present results on molten poly- 
ethylene are also in agreement with ultrasonic measurements 
of VI by Boyd and B i l i y d  and Eby.9 Thus, it is reasonable to 
conclude that Vl(0) is obtained from the Brillouin scattering 
measurements. 

The relation between Vl(0) and free volume can be under- 
stood by examining the equation of state for fluids. A com- 

n-Hexadecane and n-hexatriacontane were obtained from the 
Chemical Samples Co. Linear polyethylenes of number average mo- 
lecular weight 1000 and 2000 were from the Petrolite Corp. These 
waxes have a narrow molecular weight distribution. Polyethylene of 
melt index 21.5 was obtained from the Phillips Petroleum Co. The 
number average molecular weight was approximately 10 000. 

monly used equation of state is that derived by TonkslO 

( 5 )  

where now V is the molar volume for a collection of hard 

pv= 1 
RT 1 - ( V O / V ) ~ / ~  
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spheres. For a polymer liquid, a question arises as to what the 
appropriate molecular weight should be for these hypothetical 
units, but we will assume that such a unit can be defined with 
molecular weight M .  The phonon velocity is then given by 

The value of M calculated from the measured phonon velocity 
of n-hexadecane at 120 OC is 159 g/mol. This is approximately 
the molecular weight of n-undecane. 

If the free volume is small relative to VO, eq 6 can be ap- 
proximated as 

( 7 )  

where K is a constant. Thus, the relation found by Champion 
and Jackson1 appears reasonable for a homologous series of 
molecules. 

The fact that the Brillouin results yielded Vl(0) demands 
that the local structural relaxation times in molten polyeth- 
ylene be fast relative to s. The relaxation time for 
trans-gauche conformational changes in butane would be near 

s a t  120 OC,l* but for longer chains the internal bonds 
should relax much slower. Thus, rapid local structural relax- 
ation must be taking place essentially without change of 

conformation from trans to gauche states. The above results 
also suggest that conformation changes contribute a negligible 
fraction to the total compressibility of the fluid in molten 
polyethylene. 

I t  has previously been shown that the local orientational 
order in molten polyethylene is essentially constant for chains 
larger than about 20 carbons compared at  constant density.I2 
The present results also confirm the similarity of the local 
structure in polyethylene melts. I t  seems reasonable to con- 
clude that the lower homologues of polyethylene are good 
representatives of the local melt properties of the whole se- 
ries. 
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ABSTRACT: It  is attempted to relate high-resolution nuclear magnetic spectroscopy measurements to thermody- 
namic interaction parameters of high polymer chain concentrated solutions. It is proposed to use the characteristic 
polymer concentration and temperature dependences of the line width observed on polyisobutylene chain solutions 
in CDCLz, CS2, and C7Da to calculate: (i) the variation of enthalpy as a temperature function for the formation of a 
single unlike contact pair; (ii) the variation from a reference temperature of the change in free energy for the forma- 
tion of an unlike contact pair. These parameters are shown to have an order of magnitude in satisfactory agreement 
with that of parameters derived from other types of experiments. 

I. Introduction 
When time-dependent chain fluctuations can be left aside, 

properties of concentrated polymer-solvent mixtures at  
equilibrium may be considered as characterized in two ways. 
The first one is the determination of the structure of high 
polymer chain solutions, concentrated enough to give rise to 
entanglement formation. An accurate description of such a 
structure has been recently given from elegant neutron scat- 
tering experiments performed on polystyrene.1v2 The other 
way corresponds to the determination of thermodynamic 
properties on a macroscopic scale. Solvent vapor pressure 
measurements or osmometry lead to the determination of the 
solvent activity. 

Numerous polymer-solvent systems have been experi- 

mentally studied to attempt to establish the relationship ex- 
isting between macroscopic thermodynamic data and mo- 
lecular interaction parameters.3~4 Several interpretations 
based on combinatorial analysis have been proposed besides 
the simple and illustrative model leading to the Flory-Huggins 
equation.5-’ More recently, a magnetic analogue of polymer 
chain-solvent systems has been found. The state equation of 
polymer solutions has been derived from the properties of 
second order phase transitions observed on magnetic sys- 
tems.8 

The present paper aims at  defining a complementary ex- 
perimental way to characterize polymer-solvent mixture 
properties. I t  will be shown that thermodynamic parameters 
derived from NMR data and characterizing polymer-solvent 


