
Journal of Thermal Analysis, Vol. 30 (1985) 2 2 9 - 2 3 6  

ON THE C v TO Cp CONVERSION FOR SOLID LINEAR 
MACROMOLECULES 

J. Grebowicz and B. Wunderlich 

DEPARTMENT OF CHEMISTRY, RENSSELAER POLYTECHNIC INSTITUTE, 
TROY, NY 12181, U. S. A. 
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The C v to Cp conversion for solid linear macromolecules via the Nernst-Lindemann 
equation Cp-  C v = AoC2T/Tm is discussed )on hand of data for 10 crystals and seven 
glasses. An average value~of A 0 = (5.11_+2.41 �9 10 -3  tool K j - 1  was calculated if the 
mole is assumed to refer to heavy atoms only. This A 0 is numerically equal to the original 
Nernst-Lindemann constant. 

Al l  measurements of heat capacity are done at constant pressure, giving data on 
Cp. Heat capacities computed from vibrational spectra are, in contrast, always in 

terms of constant volume, C v. Over the last years we established the ATHAS data 

bank [1] which contains cri t ical ly evaluated heat capacities Cp for close to 100 macro- 

molecules. As one tries to interpret these data in terms of their vibrational spectra 

[2, 3], it becomes obvious that there is rarely enough informat ion available to use the 
thermodynamic relationship for Cp to Cv conversion: 

T,aV~2 
/ YJ o 

cp -cv (I) 

For the comparison of measurement and calculation. Eq. (I) has thus central iT- 
portance. The usual experimental evaluation of Eq. (I) makes use of isothermal 
compressibil i ty 

1 a V  
(2 )  

and isobaric expansivity data 

1 a v  
= (3)  

p 
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leading to 

TVo~ 2 
C~ - Cv = /3 (4) 

The exact calculation of Cp - C v needs, thus compressibility and expansivity data over 
the whele temperature range of the heat capacities of interest, which is usually be- 
tween 0 and 700 K. Especially for the limiting amorphous and crystalline states, such 
complete data are not available for any macromolecule. The most frequent approxima- 
tion used for the calculation of Cp - Cv is that of Nernst and Lindemann [4] which 
wil l be discussed in this paper. Earlier work in this laboratory on the application 
of the Nernst-Lindemann equation dealt with polyethylene [5] and planar network 
crystals [6]. 

On the Nernst-Lindemann equation 

The Nernst-Lindemann equation [4] is written as 

AoC2 T 
c p  - Cv - 

where A0, the Nernst-Lindemann constant is perhaps a universal constant, and T m 
represents the crystalline melting temperature. The equation is based on the Gr0neisen 
equation of state [7] which relates p, V and total energy through the Gr0neisen 
constant % 

~V ~V 
= (6) 

Furthermore, the ratio of o~/cp was shown for many metals to be practically constant 
[8]. This leads on insertion into Eq. (4) to 

cp-cv=A r 

A is Vot2/(~C2), a characteristic constant for every material, related to the where 
Gr(Jneisen constant. Adding the suggestion that V/~ is proportional to the melting 
temperature Tin, which is based on suggestions of Einstein [9] and Lindemann [10] 
that the characteristic vibration frequency of a monatomic solid is related to volume, 
mass, compressibility and melting temperature, one can easily derive Eq. (5) with a 
value o fA  0 of 5.12 �9 10-3 K mol/J or 0.0214 K mol/cal [4]. 

This far Eq. (5) looks like a well established, useful means to analyze and compare 
Cp and C v. It must be pointed out, however, that all assumptions used in the deriva- 
tion are, at best, semi-empirical. In addition, all equations are derived largely for 
monatomic solids. A comparison with experiment is thus necessary before applying 
Eq. (5) to linear macromolecules which have a much more complicated structure. 
First, it is necessary to refer the constant A 0 to the proper number of base moles. 
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Heat capacity is always quoted in terms of moles "repeating unit". In principle, A 0 
should thus be divided by the number of atoms in the repeating units. It will be shown 
here, that better agreement with experimental data is achieved if one divides by the 
number of heavy atoms only, i.e. one neglects the number of H-atoms in the repeating 
unit. The reason lies with the rather high vibration frequencies of the O-H,  N-H ,  or 
O -H  stretching and bending vibrations, which are excited only to a small degree in 
the solid state [11, 12]. Furthermore, the basic Gr(Jneisen constant should be constant 
with temperature only as long as a single vibration frequency can approximate the 
thermal properties (Einstein approximation). Particularly for macromolecules the 
GrSneisen "constant" is thus always based on an average frequency and it was shown 
[13] that this average, and with it the GrSneisen constant, varies with temperature as 
additional vibrations become excited. One expects thus that the range of extrapolation 
and the usefulness of an empirical A 0 is limited in temperature. Also, the connection 
of Tm with a characteristic vibrational frequency [10] is doubtful even for monatomic 
solids, and certainly could only be treated as an empirical observation for macro- 
molecules. Overall, one must say that the usefulness of A 0 for macromolecules, which 
is documented below, is surprising. The relatively constant GrSneisen parameter at 
intermediate temperatures was also studied by thermal conductivity [14], bulk 
modulus pressure dependence [15], dynamic bulk modulus measurements [16], and 
thermoelastic effects [17]. 

A 0 values for macromolecules 

A 0 - values for Eq. (5) were calculated for 10 polymeric crystals and seven 
glasses by equating Eqs (5) and (4) for temperatures close to 298 K. Table 1 displays 
the data used, results, and references. The average A 0 for the crystals per mole of 
heavy atom is (5.4+2.7) �9 10 - 3  K mol/J, the average A 0 for the glasses is 
(5.1+2.4) �9 10 - 3  K mol/J. To convert A 0 to the needed unit per mole of repeating 
unit these universal values must be divided by the number of heavy atoms in the 
repeating unit. 

Discussion 

A typical example of the use of Table 1 and Eq. (5) is that of the comparison of 
the heat capacities of a series of aliphatic polyoxides at constant volume, calculated 
from vibrational spectra, with measured heat capacities at constant pressure [18]. 
Table 1 contains four values for A 0 of the homologous polyoxide series which range 
from 4.86 (polyethylene) to 3.52 (polyoxymethylene). These data can be fitted with 
the equation 

Ao(x) = 4.82 - 1.30x (8) 

J. Thermal Anal, 30, 1985 
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Fig, 1 Calculated heat capacities C v (a) and Cp (b). PE: polyethylene, POM: polyoxymethylene, 
POE: polyoxyethylene, PO3M: polyoxytr imethylene, POMOE: polyoxymethyleneoxy-  
ethylene, PO4M: polyoxytetramethylene, POMO4M: polyoxymethyleneoxytetra-  
methylene, PO8M: polyoxyoctamethylene. C v was calculated from an approximate skeletal 
vibration spectrum (Tarasov) and group vibrations. The C v to Cp conversion was carried out 
using Eq. (5) with values of Ao(x) from Eq. (8) using the appropriate number of heavy 
atoms. For details see Ref. [18]. The arrows in Figure Ib  indicate the melting temperatures 
of the respective polymers 

whe re  x is the  o x y g e n  to  carbon a t o m  ra t io .  F igure 1 shows the  ca lcu la ted  C v and Cp 
over  a w ide  t empe ra tu re  range fo r  c rys ta l l ine  p o l y o x i d e s  wh i ch  have e x p e r i m e n t a l l y  

k n o w n  heat  capaci t ies [1 ] .  The  me l t i ng  tempera tu res  w h i c h  l i m i t  the pract ica l  appl ica-  

t i o n  o f  the  data are ind icated by  a r rows  in Fig. lbo The  average dev ia t i on  o f  the 

ca lcu la ted Cp f r o m  the  e x p e r i m e n t a l  Cp is less than  5%, o n l y  s l igh t ly  larger t han  the 

J. Thermal Anal. 30, 1985 
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usual intrinsic agreement of data bank data f rom di f ferent laboratories (3%). Up to 

the melt ing temperature it seems thus empir ical ly permissible to use a constant Ao-  

value f ixed by an experimental set of data at one temperature only. In case even these 
l imited data are not available it  may even be sufficient to use the universal (average) 

AO values of Table 1 which, in turn, are similar to those derived for metals [4], salts 
[4], and layer crystals [6] if contr ibut ions from hydrogen atoms are ignored. 

A t  temperature above melting a rather sharp upturn in Cp is noticed. Al though this 

temperature range is far f rom realistic for actual experimentat ion, we feel that this 

upturn in the calculated Cp, which contrasts the more moderate increase in C v, is an 

indication of the l imi t  of usefulness of the Nernst -L indemann equation at high tem- 

perature. A continuous decrease in A o is expected due to the increasing excitat ion 

of C - H  bending frequencies. Similarly i t  was shown for many polymers that the 

GrSneisen 'constant' (Eq. 6) decreases slowly wi th increasing temperature [19, 20], 

Support by the National Science Foundation, Polymers Program (Grant No. DMR 83-17097) 
is gratefully acknowledged. 
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Gleichung Cp - C v = AoC~)T /T  m diskutiert .  E in Durchschnit tswert yon A 0 -~ (5.11 -+ 2.41) �9 10 . 3  
tool K J -  1 wurde unter der Annahme berechnet, dal~ sich das Mol nut auf schwere A tome bezieht. 
Dieser Ao-Wert  ist numerisch gleich der urspriJnglichen Nernst--Lindemann-Konstanten. 

Pe310Me -- Ha OCHOBe HMelOU4HXCR ~,aHHbIX AnR 10 KpVlCTaJl/IOB 14 HeCKOnbKHX CTeKO/1, 06- 

cy)KAeHO~ npeBpameHHe C v ~o Cp, HCXOAR H3 ypaaHeHHR HepHCT'a--J']VlHAeMaHHa C p -  C v = 
= A o C ~ T / T  m. RpeAnonaraR, qTO MOnb OTHOCl4TCR TOnbKO K TFI)Ke/lblM aTOMaM, 6blnO 

eblqHCneHO" cpeAHee 3Ha4eHHe A 0 paBHb=M (5.11-+2.41) �9 10 - 3  MOnb, K ~  - ] .  :310 3HaqeHHe 
A 0 qHcrleHHO paBHO rlepBOHaqa/lbHO~ KOHCTaHTe ypaBHeHHR HepHCTa--!IHH~eMaHHa. 
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