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A correlation for the constant pressure heat capacity (Cp) valid from 50 K to the fusion temperature for pure
organic solids is presented. The predictive correlation includes seven universal coefficients. The variables are
temperature and a parameterR, which possesses a value proportional to the number of atoms in a molecule
divided by molar mass. This parameter is shown to be more robust than molecular structure or composition as a
descriptor forCp. The training set comprises 72 organic solids with a wide range of molecular structures and
elemental compositions including nitrogen-, oxygen-, and sulfur-substituted organic compounds. Solid-solid
transition regions were excluded from the data set. The average absolute deviation for the comparison test set
including 93 additional compounds with 2080 specific heat capacity values is less than 0.06 J‚K-1‚g-1. The
principal applications for the correlation are estimation of heat capacities for large organic molecules, where data
are normally unavailable, and for poorly defined mixed organic solids such as asphaltenes where elemental analysis
but not molecular structures are available.

Introduction

There are a limited number of options for estimating the heat
capacity of solid organic compounds at constant pressure. Their
application is limited to narrow temperature ranges, and in most
cases they are based on knowledge of molecular structure, or
have only been designed for specific groups of organic
compounds, or are only applicable to low molar mass com-
pounds. For example, there is only one group contribution
method available that can be used to estimate heat capacities
for solids over a wide range of temperatures. It was developed
by Goodman et al.1 Other available group contribution methods
are applicable only at 298 K. These include methods by
Domalski and Hearing,2,3 by Chickos et al.,4 and by Helgeson
et al.,5 whose method was extended to heavy organic compounds
by Richard and Hegleson.6

There is also a method based on the sum of elemental
contributions7 using a modified Kopp’s rule applicable at 298
K. A low-temperature additive method for predicting specific
heat capacities of alkanes, alkenes, alkanols, and alkanones from
(10 to 150) K is also available.8 This method has been modified
and extended to alkyl9 and phenyl10 derivatives of urea.

In the petroleum industry, the physical and chemical proper-
ties such as heat capacities for large solid organic compounds
in temperature ranges arising in production, transport, and
refining are of growing interest in themselves. They are the focus
of this contribution and are a means to detect phase transitions
in the complex mixtures arising in, for example, bitumen or
heavy oil segments of the industry, which will be the subject
of a future contribution.

The correlation presented here is a modification of a four-
parameter equation successfully used by Briard et al.11 to
correlate heat capacities of alkanes. This new predictive
correlation is based on knowledge of elemental composition and

can be applied to a broad range of compound classes from 50
K to the first transition temperature. We expect it to have broad
application becauseCp data for solid heavy organic compounds
is exceedingly sparse.

Temperature Dependence ofCp

In previous studies, many researchers applied Einstein’s
model for the description of heat capacities as a function of
temperature. Briard et al.11 successfully established a four-
parameter equation to correlate the temperature dependence of
molar heat capacity forn-alkanes:

where parametersA, θ, c, andd are functions of the number of
carbons in the alkane chain. The adjustable parameters were
optimized for 17n-alkanes individually by fitting this equation
to experimental heat capacities between 0 K and the first
transition temperature. Einstein’s term takes into account
contributions from the group vibrations. Contributions from
skeletal vibrations (stretching, bending, wagging, twisting, and
rocking) are described by a quadratic expression derived from
Benson’s group contribution method.

Sallamie and Shaw12 developed a predictive technique
employing a combined Debye-Einstein model for computation
of heat capacities from 0 K to thetemperature of fusion. Their
model substitutes quantum-mechanical calculation of 3N-6
skeletal vibrations13 for the Einstein term.

More recently, we have performed Density Functional Theory
(DFT) calculations for a wide range of organic compounds. We
found that compounds with the same number of vibrations per
mass of molecule exhibit very similar temperature dependence
of specific heat capacity per unit mass [SCP/(J‚K-1‚g-1)] and* Corresponding author. E-mail: jmshaw@ualberta.ca.
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that this consistency improves with increasing molar mass. A
probable explanation of this thermodynamic behavior is linked
to the weak dependence of SCP on the specific nature of the
3N-6 atomistic vibrations (N is number of atoms per molecule)
that dominate over a broad range of temperatures and the
saturation of the six skeletal vibrations at low temperatures. We
came to the conclusion that the SCP of heavy organic
compounds is primarily a function of the number of vibrations
per mass of moleculeΦ linked directly to the number of atoms
per mass of molecule, irrespective of the nature of the atoms or
the molecular structures involved:

where f is the number of vibrations per molecule,m is the
mass of a molecule,NA is Avogadro’s number,N is the number
of atoms per molecule, andM is the molar mass of a molecule.
This work is nearing completion. In the interim, we have applied
the principle identified to the present work where we have
modified eq 1 to describe the temperature dependence of SCP.

We modified the expressions for parametersA, θ, c, andd
to a power series of second order and established a new
parameterR. Thus, the expression of the heat capacity becomes

whereR is the universal gas constant (8.314472 J‚K-1‚mol-1),
andR can be evaluated from elemental composition:

where Vi is the stoichiometric coefficient for elementi in a
compound consisting ofN atoms,n is the number of elements
in a compound, andMi is the molar mass of chemical element
i (g‚mol-1). Variablexi is the mole fraction of elementi in a
compound, andwi is the mass fraction of elementi. For example,
for n-alkanes with the formula CnH2n-2:

Data Treatment: Database and Correlation of SCP

A database comprising 165 organic compounds of different
classes with molar masses ranging from (130 to 1100) g‚mol-1

and temperatures ranging from 0 K to thetemperatures of the
first phase transition (Ttrs) were culled from the literature. The
thermodynamic properties of crystals atT > Ttrs were not used.
The compounds, the temperature range for the SCP data, the

number of SCP values, the regression quality, and the literature
sources are summarized as Supporting Information. This data-
base contains, for the most part, smoothed heat capacity values
based on comprehensive analysis. Discussion of data quality is
beyond the scope of this work. A comprehensive critical review
of some data included in our database was published else-
where.14 As the experimental error for measured heat capacities
exceeds the error induced by uncertainty over the temperature
scales employed, we did not correct the data in the database to
the latest international temperature scale (ITS-90).

To identify the seven parameters for eq 3, 72 compounds
with a total of 2020 SCP values in the temperature range from
0 K to Ttrs were drawn from the database and used as a training
set. These compounds (identified in the Supporting Information
along with the data source, numbers of SCP values, and the
temperature ranges used) include linear alkanes, alcohols, esters,
carboxylic acids, aromatic, and naphthenic compounds among
others. Data not used in the development of the correlation were
used for testing. These compounds are similarly identified in
the Supporting Information. The parameters of the SCP equation
regressed from the training set were obtained by minimizing
the objective functionS defined as

Parameters with the superscript “exp” relate to experimental
data, whereas parameters with the superscript “calc” are derived
from eq 3;m denotes the number of compounds, andn repres-
ents the number of experimental SCP values for a compound.

It is important to note that SCP data arising in the region of
solid-solid transitions or where a premelting effect was apparent
were not included in the parameter regression calculations. This
is a common approach and the one used, for example, by Briard
et al.11

Results and Discussion

Fitting the Adjustable Parameters Using the Training Data
Set. The optimized values for parameters of eq 3 and their
expressions as a function ofR are indicated in Table 1. The
quality of the fit of the correlation for the training set is evaluated
in terms of an average standard deviation of the fitσF, average
relative deviationδ, and average absolute deviationε. These
three measures provide useful statistics for different parts of
the temperature ranges and are defined as follows:
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Table 1. Evaluated Parameters of Equation 2 as a Function ofr

parameter expression

N 0.013183R + 0.249381a2

q 151.8675
c 0.026526R - 0.024942R2

d 0.000025R - 0.000123R2
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where parameterp is the number of fitted parameters. The
relative deviation amplifies absolute deviations at low temper-
atures, where the magnitude of SCP is small, while the standard
deviation of the fit weights more heavily the larger absolute
deviation expected at higher temperatures where SCP is larger.
Since the magnitude of SCP below 50 K is small, the relative
deviation might reach hundreds of percent, even if the absolute
deviation is less than 0.02 J‚K-1‚g-1. Therefore, we focus on
temperatures above 50 K in the discussion below. The overall
quality for the regression of the training from 50 K to the first
transition temperature is summarized in Table 2.

Relative deviations for the correlated SCP values from
the training set are shown in Figure 1. Diphenylsulfide and
1,2-dibenzoylethylene have the highest positive deviations.
1,1,2,3,6,7,8-Hexahydropyrene andtrans-2-cyclohexylcyclo-
hexanol have the largest negative deviations. Correlation
performance clearly degrades at low temperatures when relative
deviation is the objective function. This is due to the small
magnitude of SPC at low temperatures. The absolute deviation
distribution of the correlated SCP values from the experimental
data, shown in Figure 2, is largely independent of the SPC
value.

Testing the PredictiWe Character of the Correlation.To test
the predictive capability of the correlation, SCP values for a
test set, designated test set I, containing 93 solids with 2080
values were computed. The test set I compounds and de-
tails are also identified in the Supporting Information. The
statistical overview for test set I is presented in Table 3 where
the average relative deviation, average absolute deviation, and

average standard deviation defined as

are reported for test set I as a whole. Fit statistics for individual
compounds are shown in the Supporting Information. The
average relative deviation for test set I in the estimation of SCP
is 6.8 %, and the average standard deviation is 0.065 J‚K-1‚g-1.
The fit between the experimental and predicted SCP values is
shown in Figures 3 and 4.

Comparison of the New Correlation with Specialized
Methods AWailable in the Literature.The predictive capability
of the new general correlation was compared with the calculated
SCP values obtained using two available group contribution
techniques.1,8 These techniques provide highly accurate estimates
for specific compound classes with respect to the functional
groups for which the methods were developed. Goodman et al.1

developed two techniques applicable to different temperature
ranges. The power-law method utilizes an empirical temperature
dependence, while the partition-function method is based on
the Einstein-Debye partition-function for crystals with a
modified frequency distribution function. Both methods can be
used for temperatures above 50 K. However the power-law
method is recommended for temperature range from (50 to 250)
K whereas the partition-function method provides better predic-
tions above 250 K.

Here, we compare the estimates only with the power-law
method applicable for the temperature range from (50 to 250)

Figure 1. Relative deviation of the correlated SCP values from experimental
values (training set).

Figure 2. Absolute deviation of the correlated SCP values from experi-
mental values (training set).

Table 2. Quality of Training Set Correlation from 50 K to First
Transition Temperature

no. of compounds 72
no. of SCP values 1621
σF/J‚K-1‚g-1 0.059
ε/J‚K-1‚g-1 0.040
100·δ 5.36

Figure 3. Relative deviation of the correlated SCP values from experimental
values (test set I).

Figure 4. Absolute deviation of the correlated SCP values from experi-
mental values (test set I).

Table 3. Statistical Overview of Test Set I, Estimates from 50 K to
First Transition Temperature

no. of compounds 93
no. of SCP values 2080
σ/J‚K-1‚g-1 0.065
ε/J‚K-1‚g-1 0.058
100·δ 6.80
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K. Results of the comparison are illustrated in Table 4. Because
group contribution factors are unavailable for numerous com-
pounds in the database, the comparison subset (test set II)
includes only 88 compounds with 1745 SCP values.

Kabo et al.8 established additive correlations utilizing 10 K
increments from (10 to 150) K for “effective atom” and
“effective bond” structure fragments. The effective atom frag-
ments were calculated for alkanes whereas more complex
effective bond fragments include alkanes, alkenes, alkanols, and
alkanones. We have compared estimates from the effective bond
method in the Table 4 as well. Test set III comprises 24
compounds and 218 SCP values.

With respect to test set II, eq 3 exhibits an average relative
deviation of 7.0 % and an average standard deviation of 0.062
J‚K-1‚g-1. The power-law method provides an average relative
deviation of 13 % and an average standard deviation 0.113
J‚K-1‚g-1, which is consistent with an average expected
accuracy of 13 % noted in the work of Goodman et al. In Figure
5, we show that the accuracy of the power-law method decreases
with increasing molar mass for solids in the test set II database.
The accuracy of eq 3 for test set I, which includes test set II, is
also shown in Figure 5. It does not suffer from this deficiency.
For some of the compounds with molar mass less than 200
g‚mol-1, the average standard deviation exceeded 0.1 J‚K-1‚g-1;
therefore, we particularly recommend eq 3 for compounds
possessing higher molar masses where accuracy is largely
independent of molar mass.

The overall results for test set III confirm that the method of
effective bonds is very accurate for a limited range of
compounds. Equation 3, as expected, is not as accurate.
However, eq 3 is simple, is based only on knowledge of
elemental composition, and can be applied satisfactorily to
estimate the SCP for a broad range of organic compounds
containing elements C, H, N, S, and O over a broad range of
temperatures.

Conclusions

A generalized heat capacity correlation for pure solid organic
compounds based only on elemental composition valid from
50 K to the melting point temperature has been developed. The

principle employed in developing the correlation is that SCP is
a function of the number of fundamental vibrations per mass
of molecule, which in this context is linked directly to the
number of atoms per mass of molecule irrespective of the nature
of the atoms. The correlation has been applied to diverse pure
organic compounds containing C, H, N, O, and S, using seven
universal coefficients. The range of compounds includes alco-
hols,n-alkanes, and polynuclear aromatic hydrocarbons among
others. The average standard deviation achieved is 0.065
J‚K-1‚g-1. The accuracy of this simple correlation, rooted in
quantum-mechanical theory, is competitive with highly special-
ized computational methods with restricted ranges of temper-
ature and composition.

After comparison with available estimation techniques, we
recommend this correlation in particular for prediction of heat
capacities of larger organic compounds (e.g., for compounds
with molar masses greater than 200 g‚mol -1). The principal
applications for the correlation are expected to be the estimation
of SCP for pure solid organic molecules, where SCP data are
normally unavailable, and for SCP estimation and phase
transition identification for poorly defined mixed organic solids
such as asphaltenes where elemental analysis but not molecular
structures is available.

Supporting Information Available:

List of organic compounds used in the training and test sets,
their literature sources, temperature ranges, number of SCP values,
and individual statistical results. This material is available free of
charge via the Internet at http://pubs.acs.org.
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