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Abstract

The applicability of using a group method for estimating the total phase change entropy of
small molecules is tested on a series of macromolecules. The total phase change entropies of 64
polymers are calculated and compared to experimental data. The correlation of the experimental
and calculated fusion entropies and enthalpies for 63 of these polymers resulted in standard
errorsof 12.5Jmol~! K~ ! and 5.15 kJ mol !, respectively. These errors are similar in magnitude
to those observed with small molecules. The errors associated with these estimations suggest that
estimations using the group values generated from small molecules are applicable in estimating
similar properties in more complex systems.

Keywords: Estimations; Fusion enthalpy; Fusion entropy; Polymers

1. Introduction

The fusion enthalpy is a thermodynamic property that plays an important role in
a variety of thermodynamic studies. Aqueous solubility data are becoming increasingly
important as a result of environmental concerns and thermodynamic models used to
predict the solubility of crystalline non-electrolytes require information regarding
asolute’s melting point and molar enthalpy of fusion [1]. Studies of new energy storage
materials [2] can benefit from reliable fusion entropy and enthalpy estimates, as can
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estimations of sublimation enthalpies [3] and more fundamental studies of side-chain
conformational flexibility of proteins [4].

Recently we reported a simple group additivity method that could be used to
estimate the total phase change entropies (AS,,..) associated with the solid state in
going from 0 K to the liquid at the melting point [5]. For the many solids that do not
show any discernible phase changes in the solid state, the total phase change entropy is
numerically equivalent to the fusion entropy. Other compounds which are solids at
room temperature exhibit phase transitions close to the melting point. For some
applications at 298 K or near room temperature, such as in estimating solubility [1]
and sublimation enthalpies [3], the use of the total phase change entropy to estimate
the fusion enthalpy of these types of compounds is reasonably successful and does not
usually result in significant errors.

2. Results and discussion

The total phase change entropy of a molecule can be estimated as the sum of three
components: the contribution of the hydrocarbon portion of the molecule, the contri-
bution of the carbon(s) bearing the functional group(s), and the contribution of the
functional group(s) as summarized by the three terms of Eq. (1). The subscript
i identifies the hydrocarbon components and the carbons bearing the functional group,
and the subscript k identifies the functional groups. The terms n, C and G refer to the
number of each group present, its group coefficient and group value, respectively.
Values for a number of these terms reported previously [ 5] are reproduced in Table 1.
The terms in parentheses in Table 1 following the group values and coefficients are
included for identification purposes. Eq. (2) evaluates the total number of functional
groups (K) present and identifies the appropriate Cy value to use. The contribution of
a functional group to the total fusion or total phase change entropy depends on the
nature of the functional group, G, and the group coefficient, C, which is determined
by the total number of functional groups present in the molecule. A complete list of
group values and coefficients is available in Ref. [5].

ApeeSm = Y16+ Y nCG +3Y nCyG, (1)
i i k
where
K=3n, 2

k

The empirical observation that group values used in evaluating the contribution of
certain functional groups were not solely additive but could depend on the total
number of functional groups in the molecule complicates the estimation of A, S,,. It
becomes unclear how to evaluate the contribution of a functional group to the total
phase change entropy in cases where a C value is unavailable. In effect, this brings into
question the applicability of using group values derived from total phase change and
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Table 1
Group values (Jmol ! K~ ') used in the estimation of fusion entropies of polymers

Hydrocarbon group Group value Group coefl.
G, C,

i

Acyclic hydrocarbon groups

Primary sp3 carbon atom 18.33(A,) 1

Secondary sp3 carbon atom 9.41(B)) 1

Tertiary sp3 carbon atom -162(C)) 0.69(C,)

Quaternary sp3 carbon atom —38.7(D)) 0.67 (D,)
Acyclic olefinic

Secondary sp2 carbon 14.56 (E) 1

Tertiary sp2 carbon 4.85(F)) 3.23(F,)

Quaternary sp2 carbon —-11.38(G,) 1
Aromatic groups

Tertiary sp2 carbon 6.44(H)) 1

Quaternary sp2 carbon adjacent to an sp3 carbon —10.33(1,) 1

Peripheral quaternary sp2 carbon adj. to sp2 carbon —427(J)) 1
Functional group Group value Group coefficient *

G, C,
C, C, C, C,

Acyclic groups

Chlorine 8.37(0,) 1 20(0,) 20(0y) 1.93(0,)

Fluorine on

sp3 carbon 14.73 (P, 1 1.0 1.0 1.0
Hydroxyl group
on alcohols 1.13(Q,) 1 12.6 (Q,) 18.9(Q5) 26.4(Q,)

Nitrile 9.62(R,) 1 14(R,) [14](Ry) [1.4] (R,)
Ester 3.68(S)) 1 1.0 1.0 1.0
Ether 1.09(T,) 1 [1.0] 1.0 [1.0]
Amides secondary —0.40(U,) 1 1.0 [1.0] [1.0]
Sulfide 7.20(V,) 1 [1.0] [1.0] 0.38(V,)
Ketone 3.14(W)) 1 1.0 1.0 1.0

* Values in brackets are tentative assignments.

fusion entropies of small molecules to estimate similar properties in highly complex
molecules [4].

In order to address the question of whether group properties of small molecules can
be used successfully to model similar properties in molecules with numerous functional
groups in instances where C values are not available, we decided to examine how
successfully these group values could be used to estimate fusion properties in linear
organic polymers. In particular, we addressed the suitability of using group values and
group coeflicients derived from molecules containing only a few functional groups to
evaluate similar properties of molecules containing numerous ones. We felt that the
quality of the correlation observed with polymers would be a good diagnostic test of the
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reliability of similar estimations in more complex molecules and in particular, would
test whether the group coefficients would tend to vary randomly with increased substi-
tution or to approach some limiting value asymptotically. The results of such a test are
important in assessing the reliability of estimates in molecules containing functional
groups that did or did not show synergistic effects upon successive substitution.

The fusion entropies (and enthalpies) of polymers are important thermodynamic
properties that are more difficult to access than similar properties in homogeneous
systems. Many polymers consist of both crystalline and amorphous domains and it is
necessary to correct fusion enthalpy measurements for the degree of crystallinity [6].
Since molecular weights can vary depending on sample preparation, fusion entropies
and enthalpies are usually reported as a function of the repeating unit. Fusion
transitions in polymers are generally less well-defined since polymers are more
heterogeneous. The melting point is taken as the point at which crystallinity disappears
although the melting process may take place over a range of temperatures. As a result,
fusion entropies and enthalpies are less well known and uncertainties associated with
these measurements tend to be larger than those of more homogeneous systems.
Despite the experimental obstacles associated with obtaining reliable data, these
measurements assess some important physical properties and knowledge of the
magnitude of these properties is necessary for a number of important practical reasons
[7, 8]. This has resulted in a collection of critically reviewed data [8].

We have tested the applicability of using the group values and group coefficients
generated from the fusion entropies of small molecules in two ways. We have used these
values to model the fusion entropies of polymers and have compared our estimates to
experimental data. In addition, we have compared our estimates to a group additivity
method developed by Van Krevelen [ 7] from polymer data to estimate fusion entropies
and enthalpies directly. The limited amount of fusion data currently available on
polymers has restricted the number of group values that have been evaluated and this
in turn has precluded our use of the Van Krevelen group values to estimate fusion
properties of some polymers. Unless otherwise noted, all experimental data on
polymers were obtained from the ‘Advanced Thermal Analysis System Table of
Thermal Properties of Linear Macromolecules’ [8].

As noted above, the protocol developed for estimating fusion entropies actually
estimates the total phase change entropy from 0 K to the liquid at the melting point [ 5],
AtpeeSm- Table 1 lists the group values that were used in the estimation of A,,..S,,.
Application of the group additivity scheme to evaluate fusion entropies depends on the
structure and complexity of the repeating unit in the polymer in question. Egs. (1) and
(2) were used for estimating the total phase change entropy of the repeat unit in
polymers containing acyclic and aromatic components. Non-aromatic cyclic molecules
are treated separately. Since all the polymer estimations were evaluated using Eqs. (1)
and (2), the estimation of cyclic molecules is not discussed any further here. Conse-
quently, it has not been possible to test the group values and group coefficients for
cyclic molecules in this study. As noted above, the contributions of some functional
groups to the total phase change entropy are not strictly additive but depend on the
total number of functional groups in the molecule [5]. This fact is reflected by the
magnitude of a few of the group coeflicients (C,) in Table 1. The entropy contribution of
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each functional group in the polymer has been modeled in one of two ways. In one
approach, we have considered the functional groups present only in the repeating unit
of the polymer and have chosen the value of Cy accordingly. In a second approach, we
have approximated the cumulative effect of multiple functional group substitution by
using the nearest-neighbor approximation. The group coefficient, Cy, in the latter case
was chosen on the basis of the total number of functional groups on the repeat unit and
on the two adjacent repeating units. If the appropriate C value was not available, the
value closest to the appropriate one was used as a replacement. For example, the
number of functional groups in poly(ethylene oxalate) using the nearest-neighbor
approximation is 6, two on the repeat unit and two on each neighbor. The group
coefficient for six functional groups, C,, is not presently available. In this case the
nearest available coefficient, C,, was used as a substitute. It is not included in the
formula used for the calculations in Table 2 (column 8) because its value is one.
Fluorine atom substitution represents an exception to the use of Eq. (2) in choosing the
appropriate group coefficient (C). Fluorine atom substitution is considered as a single
functional group, regardless of the number of fluorine atoms attached [5]. Thus in
a polymer such as poly(chlorotrifluoroethylene), the total number of functional groups
using the nearest-neighbor approach is 4 with chlorine contributing 3 (1 on each repeat
unit and 1 from each neighbor) and fluorine contributing 1 to the total.

Table 2 summarizes the results of the two sets of calculations for the polymers with
available experimental data. The first column in the table identifies the molecular
formula of the repeating unit. Experimental and calculated values are based on this
repeat unit. Columns 25 contain the experimental data. Column 2 lists the experimen-
tal fusion or phase transition temperature, column 3 lists phase transition enthalpies,
column 4 the corresponding fusion enthalpy and column 5 the total phase change
entropy associated with these enthalpic transitions. Column 6 contains the fusion
entropies calculated by using the group values provided by the Van Krevelen tables
and are included to illustrate the correlation available using group values generated
from experimental polymer data. The seventh column contains the results calculated
from Table 1 using the two protocols summarized above. The values in parentheses are
the results of choosing C values based on the number of functional groups on the
repeat unit only; the number just preceding the parentheses is the result using the
nearest-neighbor approximation. The last column characterizes the formula used for
the estimation in column 7. The formulae included are those using nearest-neighbor
corrections for the appropriate functional groups. C values are included in these
formulae only if they differed numerically from one.

The applicability of using group values derived from small molecules to model fusion
properties in macromolecules is shown in Fig. 1. This figure illustrates the correlation
observed between experimental and calculated total phase change entropies (tpce)
calculated using the nearest-neighbor approximation. A very similar correlation was
obtained using the repeat unit approximation for Cy (graph not shown). The results of
correlating experimental fusion entropies with the Van Krevelen estimates and esti-
mates of total phase change entropy using the repeat unit and nearest-neighbor
approximations are summarized in Table 3. Correlation of all the experimental data in
Table 2 with the results estimated by the group values in Table 1 by least squares
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Calculated and Experimental Total Phase Change Entropies of Polymers
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Fig. 1. A comparison of the calculated and experimental fusion entropies (J mol~! K~') of 64 polymers.

resulted in a standard deviation of approximately 13.2 J mol~! K ! using both the

repeat unit and nearest-neighbor approximation. One entry, the results for poly(oxy-
2,6-diphenyl-1,4-diphenylene), was characterized with an error in excess of 3 standard
deviations. Excluding this datum from both approximations resulted in a standard
deviation of 12.4 Jmol ' K~' for A .S,

The uncertainty of 12.4 J mol~! K~! for A, S, obtained in this study is clearly in
line with the uncertainty observed in studies of smaller multi-substituted molecules
(10.5 J mol~! K~! [5]). Given the larger uncertainties likely to be associated with
experimental measurements on polymers, this correlation suggests that the group
values evaluated from small molecules are applicable to larger molecules. Functional
groups whose group coefficients are not very sensitive to increased substitution in small
molecules appear to remain so in large molecules. An examination of the individual
entries in column 7 of Table 2 shows that the calculation for most repeat units is not
affected by the approximations used. The correlation of those calculations affected (7
out of 64) varied, increasing in some cases and decreasing in others. There appears to be
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Table 3
A summary of the correlation parameters using the Van Krevelen parameters and the parameters of Table 1

A. Comparison of linear regression results for A,,.S,, using the nearest-neighbor and repeat unit approxi-
mation for Cg

All data Data within 3 std. deviations

Linear regression results for A,,..S,, using the nearest-neighbor approximation

Intercept 0
Standard error of A, S,, (calc.) 13.2 124 Jmol "' K!
Correlation coefficient 0.954 0.960
Number of data points 64 63
Slope 0.969 0.967
Linear regression results for A, .S, using the repeat unit approximation
Intercept 0 0
Standard error of A, S,,(calc.) 133 12.5Jmol 'K ™!
Correlation coefficient 0.954 0.960
Number of data points 64 63
Slope 0.967 0.965

B. Comparison of linear regression results for AS using the Van Krevelen parameters and the nearest-
neighbor approximation for Cy

Linear regression results for A, S,, using the Van Krevelen parameters

Intercept 0

Standard error of A, S,, (calc.) 120Jmol *K™!
Correlation coefficient 0.959

Number of data points 50

Slope 0.869

Number of parameters used 16

Linear regression results for A .S, using the nearest-neighbor approximation

Intercept 0

Standard error of A,,.S,, (calc.) 123 Jmol 'K ™!
Correlation coefficient 0.966

Number of data points 50

Slope 0.969

Number of parameters used 18

C. Comparison of experimental and calculated fusion enthalpies

All data Data within 3 std. deviations
Intercept 0 0
Standard error of A, H , (calc.) 6.32 5.15kJmol !
Correlation coefficient 0.942 0.962
Number of data points 64 63

Slope 0.935 0.962
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some improvement in correlation using the nearest-neighbor approximation although
there are not enough data available in this study to reach any definite conclusion.
Correlation parameters of experimental and calculated results are also included in
Table 3 for the data estimated by the group additivity parameters reported by Van
Krevelen. The fusion enthalpies of a total of 50 of the 64 polymers in Table 2 could be
estimated by the Van Krevelen group method using available parameters (16 in all) [ 7].
A comparison of the correlation between experimental and calculated total phase
change entropies using the same data base is also included in Table 3 (B). Since only two
of the fifty polymers show additional phase changes, fusion entropy results from the
Van Krevelen estimates and A, S, estimates obtained using the parameters of Table
1(atotal of 18 in all) can be compared directly. The similarity in results suggest that the
parameters of Table 1 are capable of giving predictions comparable to those derived
directly from polymers. This suggests that these parameters can also be applied with
some degree of confidence to assess similar properties in other large complex molecules

[4].

Calculated and Experimental Fusion Enthalpies of Polymers
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Fig. 2. A comparison of the calculated and experimental fusion enthalpies (kJ mol~*) of 64 polymers.
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The application of the group values in Table 1 to model fusion enthalpies is
illustrated in Fig. 2. Fusion enthalpies of the 64 polymers of Table 2 are compared to the
values calculated by multiplying calculated A, .S, values (column 7) by the experi-
mental fusion temperature (column 2, Table 2). The correlation parameters reported in
Table 3 (C) are those using the nearest-neighbor approximation for AS, .. The
standard deviation of 5.15 kJ mol~! can be compared with the value of approximately

4.0kJ mol~1! obtained from a similar estimation of fusion enthalpies of small molecules.

3. Summary

In conclusion, we find that the experimental fusion entropies and enthalpies of
polymers can be successfully estimated from group parameters derived from small
molecules. This success is important because it suggests that contributions of many
functional groups are fixed and do not depend on the degree of substitution. The results
observed for chlorine, a functional group that shows some dependence on substitution,
are encouraging. Most experimental A,,S,, values for chlorine-containing polymers
are modeled reasonably well (within 1 standard deviation) with existing C values. This
suggests that the dependence of C values on substitution observed for some groups
such as nitrile, hydroxyl, and carboxylic acid, may be confined by the present
parameters and will not vary widely or randomly with increasing substitution. This is
a significant finding in assessing the applicability of the group values previously
reported [5] to modeling entropy and enthalpy changes in other highly functionalized
molecules [4].
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