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SYNOPSIS

The Moelwyn-Hughes parameter has been utilized to evaluate a number of thermoacoustical
parameters, viz., the Beyer nonlinear parameter; the isothermal, isobaric, and isochoric
Griineisen parameters; the repulsive exponent of intermolecular potential; the molecular
constant; the fractional available volume; the Sharma thermoacoustical parameter Sy; and
the Anderson-Griineisen parameter for a wide variety of polymers at different low tem-
peratures. A relationship among the isobaric, isothermal, and isochoric microscopic (lattice)
Griineisen parameters has been examined and analyzed in the case of several polymers.
The results have been used to develop understanding of the significance of microscopic
factors such as molecular order and intermolecular forces upon macroscopic thermoacoustic
properties. The parameter S, remains invariant with temperature over a wide range and
retains, on average, a constant value of 1.10 for several polymers at low temperatures,
similar to a wide variety of substances. The present treatment has the distinct advantage
that several thermoacoustic parameters can be evaluated from the knowledge of volume

expansivity data alone. © 1994 John Wiley & Sons, Inc.

INTRODUCTION

The Grineisen parameter, first introduced by Grii-
neisen, ! is an important quantity of current interest
that has been found very useful in studying the in-
ternal structure, molecular order, anharmonicity,
and other thermoacoustic properties of liquids, lig-
uefied gases, molten metals, solid polymers, etc.?"!”
This parameter, which is of fundamental signifi-
cance in the equation-of-state calculations, serves
as an effective guide in determining the mechanism
of ultrasonic absorption in polymers and establish-
ing a correlation with the results of phonon-phonon
interaction absorption.2 Warfield* pointed out that
in polymers there are two distinct modes of lattice
vibrations, viz., interchain (low frequency, long
wavelength, and anharmonic) vibrations between
the polymer chains involving weak van der Waals
bonds and the intrachain (high frequency, short
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wavelength, harmonic) vibrations along the polymer
chain involving strong covalent bonds. By treating
polymers as quasi-solids, the anharmonicity of pos-
tulated lattice vibrations has been shown to be ex-
hibited only by the interchain vibrations.>® Hence,
calculations governed by these interchain vibrations
determine the microscopic or lattice Griineisen pa-
rameter I', whereas those dependent on all modes
including both interchain and intrachain mode vi-
brations, on average, give the thermodynamic Gri-
neisen parameter I' employing the thermodynamic
parameters such as the heat capacity, thermal ex-
pansion, and thermal conductivity. These two types
of Griineisen parameters have been related to the
ratio of interchain-to-intrachain mode vibrations in
case of polymers?*>!8 and also to polymer structure.®
Interrelationships among the isothermal, isobaric,
and isochoric Griineisen and acoustical parameters
have also been found.»!%%

The Moelwyn-Hughes parameter?® is of great
importance because of its close relationship with the
Griineisen parameter'® and some thermoacoustical
parameters. It is one of the fundamental parameters
used to evaluate thermoacoustical parameters in
molten metals, liquefied gases, and polymers.!®®
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In our earlier article,* we estimated a number of
thermoacoustical parameters in polymers at low
temperatures using the volume expansivity («) data.
In the present study, we estimate a few other ther-
moacoustic parameters, namely, the Moelwyn-
Hughes parameter; the Beyer nonlinearity param-
eter; the Rao acoustical parameter; isothermal,
isobaric, and isochoric Griineisen parameters; the
isothermal Anderson-Griineisen parameter; the
Sharma thermoacoustical parameter; the free avail-
able volume; the reduced bulk modulus; and the re-
pulsive exponent of the intermolecular potential and
molecular constant in several polymers at different
low temperatures following the method suggested
by Sharma and Reddy. The results are explained in
the light of the temperature dependence of «.

THEORETICAL

Dugdale and MacDonald?! obtained a more general
expression for the microscopic or lattice Griineisen
parameter I', defined as a measure of the anhar-
monicity of normal mode frequency » of lattice vi-
brations with molar volume V!, which is valid at
all pressures and provides a considerable improve-
ment over that of Slater,?? as given by Chang? as

dlnv ]| 1 1/(dlng
r= [aan]_( 2)+2(61nV) 1)
The thermodynamic (or average) Griineisen pa-

rameter I', which is governed by the molecular order
and structure, is usually defined by the relation 2*162*

aV. oV y-—1
BCv BsCp aT

r= (2)

Sharma’*** mentioned that, for metals, ionic

crystals, and liquefied gases, I' = T, but for polymers,
this is not true, and the ratio (I'/T') may vary from
about 4 to 30.2*'%% Wada et al.® pointed out that
since only the interchain vibrations contributed to
T' it is reasonable to consider the effect of interchain
vibrations on both isobaric and isochoric heat ca-
pacites, heat capacity ratio, and the adiabatic com-
pressibility. Equation (2) can be correspondingly
modified to include contributions to both the heat
capacities (Cp and Cy), 8,, and v due to interchain
vibrations as*1618

_aV.  aV oy —1
BCv,i BsCP,i aT

Tr (3)

Equations (2) and (3) yield the following
relation*:

Cp, Cy; Yi
z=)=2|I=)=XxY 4
(CP) (Cv)(‘Y) )

in which

X:(£>:(Cv,i)_ (v—1) (5)

T Cy _(‘Yi*l)
_ (B (7 :(1+FaT)
Y‘(ﬁs,) (7) (1+Tar)

Equations (4)-(7) show that the quantities Z,
Y, and X are of some interest, since these measure,
respectively, the interchain contribution to Cp, Cy,
v, and 8 that interacts with the volume for polymers.
Since the value of Y is expected to be unity,?* the
interchain contributions to Cp should be much
higher by the factor Y than the contribution to Cy
in polymers. This implies that the quantity Y is of
some interest in the case of polymers, since it mea-
sures the ratio of that part of the interchain heat
capacity ratio (and, hence, adiabatic compressibil-
ity), which interacts with volume. The quantity Y
can also be expressed in the following forms?5:

Y = [3(6VY3—2)] )

5aT -1
Y= [9 + (m)] (8)

Moelwyn-Hughes?” defined the C; parameter
(dimensionless) as the pressure coefficient of the
isothermal bulk modulus (the reciprocal of isother-
mal compressibility ), which may be written in dif-
ferential form as

_[81/8)] _(1\[dInp] _[dIng
o[ -G ] - lwv], ©

Treating polymers as quasi-solids, and using rel-
evant expressions for the thermal expansion coef-
ficient « and compressibility derived earlier, ? it has
been shown by Sharma'® that the C, parameter can
expressed in terms of « as

or

C1=1§3+(aT)_1+§(aT) (10)
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Rao'® defined an acoustical parameter K for liq-
uids as the ratio of the temperature coefficient of
the ultrasonic velocity U to the thermal expansion
coefficient «. It has been pointed out® that K is
about 3 for unassociated organic liquids near room
temperature and 2 for liquefied gases and takes a
rather scattered value for molten metals. However,
the value of K depends on the type of intermolecular
potential.*® Yamamoto and Wada?® showed that the
value of K varies from polymer to polymer and K
remains constant below and above the transition
point for each polymer. Warfield and Hartmann?3!
showed that the bulk modulus, Griineisen constant,
and Rao’s constant have very strong temperature
dependence. It has been shown ¥%2 that Rao’s con-
stant K is closely related to the Moelwyn-Hughes
parameter C; and to the isothermal Griineisen pa-
rameter I';,;, as

C,—1
2

K =T = (11)

Equation (11) establishes the similarity of I'y,
with K and its results are in good agreement with
Warfield and Hartmann.*!

Assuming to a first approximation the tempera-
ture independence of the Moelwyn-Hughes param-
eter C;, it can be shown that?

B=[Va)! (12)

The reduced volume V can be expressed in terms
of the zero-pressure limit as™

S1s _ 4y o 0T
(v b 3(1 + aT) (13)

Assuming the ultrasonic velocity U as a function

of both volume and temperature, the change in ul-
trasonic velocity can be written in the form!:

U U
AU=[—) av+{—=]} A 14
v=(Gr) 2oy oo

At constant pressure, eq. (14) may be rewritten
as

(6)(ar), ~ (0)a), + (o)),

opP A%
“(av) (&), 0o

Using thermodynamic relations for « and 8, it
follows from eq. (15) that

(aln U) _ [(é)ln U) _ (aln U) }(E) (16)
oP /), aT |/, aT J, |\«
Equation (16) yields a simple relation between
the acoustical parameters as

Kip = Ko + Kicn (17)
in which
Koo = Kor — Ko = l dln U
ich — ith tha — a aT v
I\/oln U
={= 18
G5, o
olnU 1\(dln U
=—{= 19
Ko (6an)P (a)( oT )P (19)

dln U 1INfoln U
K""‘__(alnv)T'(E)( oP )T (20)

Following Griineisen’s assumption that all normal
mode frequencies are equal, the change in normal
mode frequency may be represented as®

ov v
Av=|—) AT+ |—) AV 21
= (5) o (v ) v e

Sharma®® introduced three dimensionless an-
harmonic parameters for the liquid state, namely,
the isobaric (I';,), isothermal ('), and the iso-
choric (T'i,) microscopic Griineisen parameters,
which may be shown to be related as

Tin = Tia + Ticn (22)

where the I's are defined similar to the K’s by re-
placing U with v in egs. (18)-(20) as

dlnv 1\/81lnv»

re (), -GI5), @
dlnv 1\/dlnv

F""‘—_(alnv)T_(E)( apP )T (24)
1 dlnv 1\/dlnv

to = ()5, < (6)(557),

Thus, the microscopic isobaric I';,, isothermal
Iin, and isochoric Ty, Griineisen parameters for the
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polymers are essentially the same as the corre-
sponding isobaric K;,, isothermal K, and isochoric
K, acoustical parameters for liquids.

The isothermal Griineisen parameter Ty, is eval-
uated from eq. (11) using the value of C,. The iso-
choric Griineisen parameter could be evaluated by
using the following expression*:

Tiw=—(E—-F)}/F (26)

where E = [2+ (aT) ' (—2a) V] 'and F = —2a.
Using the values of Ty, and I';;,, one can evaluate
the isobaric Griineisen parameter I';, from eq. (22).

Assuming that the bulk modulus of a polymer
depends only on volume,?' the isobaric and iso-
thermal Griineisen parameters can be determined
either by using temperature measurements or pres-
sure measurements with the relations 41417

1 0 1n B,
()25
and (27)
1\ /4B,
o = (3)(5),

The bulk sound speed can be expressed in terms
of the bulk modulus as

U= (B,/p)"* (28)

Using eq. (28) in egs. (19) and (27), we obtain
o= 2Kiba +1= 2Fiba (29)

where § is the isothermal Anderson-Griineisen pa-
rameter given by 343

1\/01In B,
-2 5), e

The Anderson-Griineisen parameter 6 is distin-
guished from the Moelwyn-Hughes parameter C; by
introducing a new parameter 4 as

6 =(C,—9) (31)
or
0 =2(Typ— Ty +1

from eqs. (11) and (29) (32)

Beyer’s nonlinearity parameter (B/A),* which
is a particular combination of the temperature and
pressure derivatives of the sound speed, may be ex-

pressed as
B dlnU 2U%T\(dIn U
— = (2pU? +
i oS+ ()5,

= (B/A)' + (B/A)"
(33)

The first term (B/A)' in eq. 33 represents the
relative increase in phase velocity due to pressure,
whereas the second term (B/A)" is the increase due
to temperature.

Using eqs. (20) and (28), expression (33) for
(B/A) becomes

(B/A) = 2K, — 2Ky laT
= 2Kin — 2Kpa(y — 1) (34)

in which the average thermodynamic Griineisen pa-
rameter I' involving sums over all normal modes is
given by eq. (2).

In the case of polymers, the values of T and « are
very small?>**" and v is very near to unity*"*; hence,
the second term in eq. (34) may be neglected in
comparison with the first term without introducing
an appreciable error. Thus, eq. (34) gives

B
(Z) ~ 2K (35)

Sharma?®® derived an expression for Kj,, in terms
of Mie potential exponents (m, n) as

dln U
Kizhz—( )

dln V,
=(m+n+3)/6(at V=V,) (36)

From eqgs. (35) and (36), it follows that

(é) =(m+n+3)/3=2K;, (37)
Al

where (B/A), is the value of (B/A) corresponding
to volume V.

Sharma?®® obtained the pressure coefficient of the
bulk modulus from the volume derivative of the
relation*® between the adiabatic bulk modulus and
molar volume V:

dIn B,
C‘"_(alnv)T

(m+n+6)/3(at V=V, (38)
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Comparison of egs. (35) and (38) yields a relation
between the nonlinearity parameter (B/A), and the
Moelwyn-Hughes parameter C;:

B
C1 = (Z)O +1= 2Fith (39)

Equations (35) and (39) show that the Beyer
parameter of nonlinearity, the Moelwyn-Hughes
parameter, the Carnavale and Litovitz acoustical
parameter, and the isothermal Griineisen parameter
for a polymer are not independent but all express
the same physical quantity. Usually, the exponent
m has the value of 6 and n > m as cited by various
workers. 3104

For m = 6, eq. (38) gives

n=3C1—12=3(—§) -9 (40)

0

Using the expression*! for the pressure coefficient
of the velocity of propagation of the ultrasonic waves
in a polymer, the isothermal acoustical parameter
K, and fractional (available ) volume is related as'?

Va ,
(7) = (K, + 1) (41)

where V, = V — V, is the expansion volume or free
(available) volume of the molecules; V, the total
volume; and V,, the volume of closest molecular
packing.*!

Using eqgs. (11) and (41), the fractional free
(available) volume can be expressed in terms of C,
as

1% 2 (42)

Vo _ [C1 + 1]—1

The isochoric temperature derivative A of the
sound speed or the intérnal pressure is a very im-
portant factor with significant influence on various
thermoacoustic properties. Sharma!! determined
and discussed the significance of the internal pres-
sure—-temperature behavior in establishing correla-
tions between the internal pressure P; and the co-
hesive energy density . The molecular constant r
as a measure of the isochoric acoustical parameter
A is given by!?

r=%=(1—A)_1 (43)

in which
AT
A=—(— 44
( . ) (44)
where
0 In Pi
= (%),

Equations (43) and (44) may be rewritten as

2\/r—1
A=—{= . 45
=) e
Haward and Parker*? obtained an expression re-
lating the isochoric temperature coefficient of vol-

ume expansivity « and internal pressure P; (in the
zero pressure limit) as

dln P; ~fd]ln «a
= l= 46
A= (%) -(5r), @

From thermodynamic considerations, the tem-
perature derivative of o at constant volume can be
obtained as®

dnal [fdlna + Balna
aT |, ar ), “\ep |,

—a[2 + (aT) '] (47)

Equations (45)-(47) give the temperature coef-
ficient of P; at constant volume as

A=[2+ (aT)'|DB (48)

where D denotes the quantity [(d In P;)/(dT)]r
= —2q« obtained earlier by Sharma.!®

Equations (44), (48), and (12) yield a relation
for A as

_—[2+ (@) (2 (V) M r

A 49

2 (49)

Sharma!®** jntroduced a dimensional param-
eter S, as

So = —(%)(3 + 4aT)

1 alnPi
- _(5)( d1n T)V(3 + 4aT)
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= A(3 + 4aT)
= 3AS* (50)
where
S* =1+ %(aT) (51)

Here A is given by eq. (49).

RESULTS AND DISCUSSION

The calculated values of Cy, (B/A)y, V./V, n, V,
B, A, Tin, Tisa, Ticn, 6, 8, Y, and S, using eqgs. (7)—
(51) are presented in Table I for 16 polymers at
different low temperatures. The necessary reliable
input data on volume expansivity (a) at low tem-
peratures are taken from the literature.*® It may be
observed from Table I that the Moelwyn-Hughes
parameter C;, the Beyer nonlinearity parameter
(B/A)g, the repulsive exponent n, the isothermal
I';», and isobaric Griineisen parameter I'y,, the iso-
thermal Anderson-Griineisen parameter 6, and the
Y parameter are found to decrease with increasing
temperature. However, the other parameters, viz.,
the fractional free (available) volume V,/V and the
reduced isothermal bulk modulus B, are found to
increase with increasing temperature. The value of
C, is found to decrease with increasing temperature.
It signifies the nonlinear variation of « with tem-
perature. The values of the parameters C; and
(B/A), are quite close and their ratio is very close
to unity.

The decreasing values of n with increasing tem-
perature indicate the increase in the interatomic
equilibrium distance, which is also reflected in other
physical properties such as density, volume, and ex-
pansion coefficient. Higher values of n for polymers
as compared to liquids are expected since the poly-
mers are strongly anisotropic, and the anisotropy is
exhibited by interchain vibrations.** Thus, the in-
termolecular forces through the repulsive exponent
n seem to play a vital role in establishing a close
correlation between the anharmonic and nonlinear
properties in polymers.

The polymers that have strong forces along the
chains and weak forces between the chains tend to
be anharmonic with high values of the lattice Gri-
neisen parameter I';,;,. Hartmann?® and Curro*® sug-
gested earlier that the anharmonicity of energy or
potential that gives rise to a pressure or volume de-

pendence of the normal mode frequency of molecular
vibrations is also governed by thermal expansion
and the number of internal degrees of freedom of
the polymer. During volume expansion of the poly-
mer with increasing temperature, more and more
additional disorder is introduced, which resulted in
the relative changes in molecular vibration fre-
quency and molecular order and structure, making
the polymer less anharmonic at high temperature
than at lower temperature. The decrease in T';,, with
temperature, arising due to large number of internal
degrees of freedom and the nature of anharmonic
interactions in a polymer, may be indicative of some
kind of molecular ordering effect.

The concept of available (free) volume (V,) is
very important in introducing additional disorder
and obtaining quantitative information about the
liquid—-glass transition in a polymer system.*™*° It
can be observed from Table I that the fractional free
volume (V,/V) for the polymers under investigation
has a value of about 3.5 X 10™*, on average, at tem-
perature 4.2 K, and its value increases to ~ 0.02 as
the temperature is increased to 240 K or more. This
suggests that the fractional free volume in polymers
is less than that observed for hydrocarbon liquids*
because of larger size of micromolecules as compared
to hydrocarbon molecules.

The decreasing value of the Beyer nonlinearity
parameter is attributed to the decrease in ultrasonic
velocity with temperature. The isobaric Griineisen
parameter [';, is found to be greater than the iso-
thermal Grineisen parameter I';,;,.

The isothermal Anderson—Griineisen parameter®'
(9), which is an important parameter in the theory
of temperature dependence of the bulk modulus of
solids, ! decreases with increase of temperature. The
calculated values of the parameter 8, defined as the
difference between C; and §, are found to be negative.
The magnitude of the negative value, however, de-
creases with increase of temperature, indicating that
the Moelwyn-Hughes parameter C, is less than the
Anderson-Griineisen parameter § at all tempera-
tures. The isochoric Griineisen parameter is also
found to be negative for all the polymers under study.

It may be interesting to note that at the very low
temperature region the reduced bulk modulus is ap-
proximately equal to the isochoric thermoacoustic
parameter, i.e., B ~ A ~ 0.36. However, it may be
seen that the two parameters show a slight decrease
in their values as the temperature is increased.

Equation (50) shows that the Sharma parameter
Sy is proportional to the product of A and (3 + 4T').
It is interesting to note that a large « corresponds
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to a small absolute value of A for a polymer. How-
ever, the value of the term (3 + 4aT') increases with
rise of temperature in such a way that S, tends to
be independent of the value of « for the polymer.
So, it has been observed that even though « is dif-
ferent for different polymers the Sharma parameter
Sy defined by eq. (50) exhibits, on average, a con-
stant value of 1.10 + 0.01 for the polymers examined
presently, similar to molten alkali halides,'° poly-
mers,®>® liquid alkali metals, ionic crystals, lig-
uids, '* semiconductors,®® liquid crystals,®? fluid hy-
drogen isotopes,®® etc. This confirms the earlier
conclusion about the possibility of using eq. (50) to
establish the universal constancy of S, which turns
out to be remarkably constant for any system ex-
isting either in a liquid or in a solid state and is
found to be independent of temperature variation
and of the nature and state of the substance in the

List of Symbols

condensed phase. This suggests that the Sharma
constant S, may be regarded as a molecular constant
for the condensed phase. The constant S; seems to
be analogous to the molecular constant as a measure
of the ratio of the internal pressure and cohesive
pressure, which has the average value of 1.11 + 0.1
for simple nonpolar substances®® in the condensed
phase.

The present treatment offers a convenient means
for establishing simple relations between various
parameters describing the thermoacoustic, anhar-
monic, and nonlinear properties of polymers through
the Moelwyn-Hughes parameter. The treatment has
the distinct advantage of calculating various ther-
moacoustic parameters at low temperatures em-
ploying only the experimental volume expansivity
data. This allows further understanding of the sig-
nificance of fractional free volume, the repulsive ex-

Parameter Symbol and Defining Equation

a . . 1\/9
Thermal expansion coefficient [ (V)(BZ)P]

B/A Beyer’s nonlinearity parameter [eq. (33)]
U Sound speed
B, Adiabatic bulk modulus [= V(3P/3V),]
B Isothermal bulk modulus [= V(dP/3V)7]
Bs Adiabatic compressibility [= (1/V)(3V/dP),]
B8 Isothermal compressibility [= (1/V)(0V/3P)r]
V. Available volume
V./V Fractional free volume
P,V Pressure, volume
T Absolute temperature
p Density
K(Ky.) Rao exponent [= (0 In U/d In V)p] [eq. (19)]
K, Carnevale and Litovitz exponent [eq. (20)]
K., Isochoric acoustical parameter [= (K, — Ki,)] [eq. (18)]
Cp, Cy Isobaric and isochoric heat capacity
¥ Heat capacity ratio (= Cp/Cy = B,/B)
r Thermodynamic Griineisen parameter [eq. (2)]
T Microscopic lattice Griineisen parameter [eq. (1)]
Av Change in normal mode frequency [eq. (21)]
Cpi, Cvi, vi, Bs; Fraction of Cp, Cy, v, and B, that interacts with volume
C, Moelwyn-Hughes parameter, [= (6B/dP)r] [eq. (9)]
1% Reduced molar volume (= V/V*)
B Reduced isothermal bulk modulus (= B/B*) [eq. (12)]
B* V* Characteristic isothermal bulk modulus, volume
T, Tiny Licn Isobaric, isothermal, and isochroic acoustical parameters [egs. (23)-(25)]
m,n Mie potential exponents [eq. (36)]
P; Internal pressure (= aTB)

r
€

Molecular constant
Cohesive pressure (= P; /r)
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List of Symbols

Parameter Symbol and Defining Equation
X Parameter (= T'/T) [eq. (5)]
Y Parameter [= (B,;/B) = (v;/v)] [eq. (6)]
Z Parameter [= (Cp; /Cp) = (Cv; /Cv )7v:/7)] [eq. (4)]
o Isothermal Anderson-Griineisen parameter [= (1/a)(d In B/3T)p] [eq. (30)]
E Parameter [ = {2 + (aT)"(=2a) V' }7? [eq. (26)]
F Parameter = (2a), [eq. (26)]
A Isochoric temperature coefficient of internal pressure [= (3 In P; /0T)v] [eq. (44)]
A Isochoric acoustical parameter [eq. (49)]
So Sharma constant [eq. (50)]
S* Parameter [= (1 + [(4aT)/3])] [eq. (51)]

ponent of the intermolecular potential, and the S,
parameter (its universal constancy and temperature
invariance) in describing the anharmonic and non-
linear properties with regard to molecular structure,
order, and interactions in polymers at low temper-
atures.
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