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Abstract A new method is proposed based on the position group contribution additivity for the prediction of
melting points of covalent compounds. The characteristics of this method are the use of position distribution func-
tion, which could distinguish between most isomers including cis or trans structure of organic compounds. Contri-
butions for hydrocarbons and hydrocarbon derivatives containing oxygen, nitrogen, chlorine, bromine and sulfur,
are given. Results are compared with those by the most commonly used estimating methods. The average derivation
for prediction of normal melting temperature of 730 compounds is 14.46 K, compared to 29.33 K with the method
of Joback, and 27.81 K with the method of Constantinou-Gani. The present method is not only more accurate, but

also much simpler and more stable.
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1 INTRODUCTION

Knowledge of physicochemical properties of or-
ganic compounds is essential for predicting their be-
havior. Melting point is one of the most widely used
physical properties in chemical engineering design
and experiments. Although vast amount of experi-
mental data are available in literature, but the presence
of impurity or thermal instability of some compounds
may thwart the experimental measurement. Under
such conditions, mathematical models could be used
to provide a reasonable estimation of the properties
[1-8]. Some of the group contribution methods for es-
timation of melting points were developed [5-7].
Joback-Reid developed a first-order group contribu-
tion method with 40 groups for organic compounds
containing halogens, oxygen, nitrogen and sulfur [5].
Constantinou-Gani introduced a two-level group con-
tribution scheme consisting of 63 first-order groups
and 40 second-order groups [6]. Marrero-Gani modi-
fied this model using the third-order groups that could
account for more complex heterocyclic and large
polyfunctional alicyclic compounds [7].

Methods of quantitative structure-property rela-
tionship (QSPR) also could be used to estimate melt-
ing points [8-10]. This method is based on specific
families of compounds, such as alkanes [11], alde-
hydes, amines, and ketones [12], benzenes [10] and
pyridinium bromides [13]. Katritzky [14] reviewed the
accuracy of QSPR methods from very well (standard
deviation=15.1 K for n-alkanes) to similar accuracy
as group contributions (standard deviation=36.1 K
for pyridines). Chickos et al. [15] developed a para-
bolic model for estimating the melting points of ho-
mologous series. Karthikeyyan et al. [16] reported
prediction of melting point based on diverse com-
pound data and artificial neutral network. Jain and
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Yalkowsky [1, 3] compared the melting point predic-
tions from UPPER to MPBPWIN [3] method for over
2200 organic compounds. The mean absolute error
(MAE) in prediction using UPPER is 30.1 K while
MPBPWIN gives an AAE of 44.5 K.

The mean absolute errors, number of compounds
and compound categories by some of the methods
discussed above are listed in Table 1.

Table 1 Mean absolute errors (£ ) in general
estimation methods for melting point

Method g%n;%i:qg]; ¢ /K Family
Tsakanikas et al. [17] 72 15.7 alkanes
Simamora et al. [18] 123 47.6 rigid aromatic
Krzyzaniak et al. [19] 497 30.3  non H-bonding aliphatic

Zhao et al. [20] 794 39.9 aliphatic
Yalkowsky et al. [4] 918 31.7 from boiling point
Joback et al. [5] 1117 43.0 organic
Constantinou et al. [6] 1007 34.6 organic
Marrero et al. [7] 1170 324 organic
UPPER [21] 2200 30.1 organic
MPBPWIN [1,3] 2200 445 organic

As our preliminary work on the critical tempera-
ture [22], critical pressure [23], critical volume [24] and
the normal boiling point [25] showed significant im-
provements with respect to the published methods, it
was decided to invest further effort into the develop-
ment of a new group contribution method for melting
point of organics. We proposed a position group con-
tribution method for the prediction of critical parame-
ters of organic compounds, in which only the knowl-
edge of their chemical structure is required [22-25]. A
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most important point must be claimed is that all these
properties T, P, V. and t, mentioned above and ty, in
this work, are estimated by the same universal posi-
tion distribution function proposed.

2 EXPERIMENTAL DATA

Total 730 compounds containing carbon, hydro-
gen, oxygen, nitrogen, chlorine, bromine and sulphur

were used for the determination of group contributions.

The detail list is given in Fig. 1, and includes linear and
branched alkanes (158), cycloalkanes (41), alkenes
(63), aromatics (40), alcohols (66), aldehydes and ke-
tones (67), acids (66), phenols and ether oxides(19),
esters (126), chloro and bromoalkanes (25), amines
(27), pyridines (10), alkane thiols and thioethers (22).
The experimental data, from the TRC Thermo-
dynamic Tables [26], give the critical properties, nor-
mal boiling points and melting points for a large
number of hydrocarbons and derivatives. The hand-
books by Ma [27] and Poling et al. [28] also provide an
abundance of property data about organic compounds.

3 COMPUTATIONS

3.1 Calculation method

The first step was testing correlations to represent
the properties. Only one-parameter contribution was
considered for each group at first. The melting point
function was constructed by the contributions from all
the groups as well as position distribution function.
Benson’s second order groups and a few of the third
order groups were applied into this works. The details
of the group classification are described in Table 2.
Here, the melting point is expressed as follows [22].

T =Tro + 2L AN; + 2 Ajtanh (N /N) +
i j

> AR +aexp(l/M,)+aexp(1/N) (1)

k
N =2 N+ N, (2)
i J

Where parameter A; or A; reveals i or j group
contributions, which allowed the minimization of the
residual estimation error by regression. N; represents
the number of groups in which carbon element forms
the centre of the group, N; represents the number of
groups in which non-carbon element forms the center,
N is the total number of groups, Py characterizes posi-
tion factor, T, is 5963.486 K, and My is the molecu-
lar weight.

Moreover, the position corrections were taken into
account due to the longer distance interactions. Some
corrections for interactions through benzene or pyridine
rings were obtained, which was the result in a better dis-
tinction between series of chain-branched aromatic iso-
mers. Parameters for five- and six-membered saturated

hydrocarbon rings were also determined. We present the
correlations that give the best estimations in Table 3.

3.2 Application examples

Some examples for computation of T for the
organics are given follows.

Example 1 Estimation of the melting point of
2,4,5-trimethylbenzoic acid

HO

(0]

This compound is decomposed into the position
groups as follows:

1 CO—(CH)(©); 2 Cbh—(H);
3 Cb—(C); 3 C—(Cb)(H)s;
1 O—(CO)(H); 1 Cb—(COOH)

Total number of group: N=11
2 ortho correction; 2 meta correction
Molecular weight: My, = 164.21

Z, =5963.486 + 49.96 x 3+ 34.246 x tanh(1/11) +
6.224 x tanh(2/11) — 331.51x tanh(3/11) +
369.423 x tanh(1/11) + 369.423 x tanh(1/11) +
1181.043x tanh(1/11) + 0.777x 2 —
7.374x2+51.127 xexp(1/11) —

5758.997 x exp(1/164.21) = 418.54 K

The calculated result is 418.54 K while the ex-
perimental melting point is 425.15 K.

Example 2 Estimation of the melting point of
diethyl pimelate

(0) O
AMA
O O

This compound is decomposed into the position
groups as follows:

2 C—(CHy)(H)s;

2 CHC)CO)H); 2 C—(C)O)(H)2

2 CO—(CH)(0); 2 O—(CHy)(CO)

Total number of group: N=13

Molecular weight: My = 216.29

From the contributions in Table 2, the melting
point can be calculated from Eq. (1).

Z,=5963.486—-31.996x2+7.229x 3+
35.135x2-21.4x2—-67.931x tanh(2/13) +
187.022 x tanh(2/13) + 51.127 x exp(1/13) —
5758.997 x exp(1/216.29) = 236.35 K

The calculated result is 236.36 K while the ex-
perimental melting point is 249.15 K.

Example 3 Estimation of the melting point of
2,6-dimethyl-4-heptanone

3 C—(C)a(H)s;
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(0]
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This compound is decomposed into the position
groups as follows:
4 C—(CH)(H)s; 2 C—(C)s(H);
2 C—(C)(CO)H); 1 CO—(C).
Total number of group: N=9
The position of—(CH)i group: the position factor
P=2+6=8
The position of (CO)— group: the position factor
P=4
Molecular weight: My, = 142.24
From the contributions in Table 2, The melting
point is estimated by Eq. (1):
Z.=5963.486—20.213x4+19.312x 2 +
35.135x 2 +14.023x tanh(1/9) —
3.791x8-0.658x 4 +51.127 x exp(1/9) —
5758.997 x exp(1/142.24) = 217.63 K

The calculated result is 217.63 K, while the ex-
perimental melting point is 227.15 K.

Table 2 Position group contributions for the prediction of T,

Group A Group A
C—(CH3)(H)3 -1.846 C—(C)(Br)(H). —-42.806
C—(CHy)(H):  —-31.996 C—(C).(Br)(H) 30.211
C—(CH)(H)s —-20.213 C—(C)s(Br) 107.607

C—(C)(H)s -19.810 C—(C)(CI)(H). —25.042
C—(C).(H) 7.229 C—(C)o(CI)(H) —22.104
C—(C)s(H) 19.312 C—(C)s(Cl) 98.846
C—(C)s 80.693 C—(C)(CI),(H) -8.873
Cd—(H)(0) 118.537 C—(S)(H)s -57.954
Cd—(H), —-211.880 C—(C)(S)(H), —29.606
Cd—(C)(H) 12.761 C—(C)(S)(H) —29.485
C—(Cd)(C)(H). —9.637 C—(C)s(S) 65.204
C—(Cd)(H)s —22.920 Cb—(N) —270.079
Cd—(C). 258.506 C—(N)(H)s -57.293
C—(Cd)(C).(H) 8.663 C—(C)(N)(H). -12.077
Cd—(Cd)(H) 43.026 C—(C)a(N)(H) -11.457
C—(Cd)(O)(H), -30.612 C—(C)s(N) 23.152
C—(0)(H)s -31.772 C—(C)(CN)(H) 4.921
C—(CO)(H)s —7.451 C—(C)(CN)(H) 50.171
C—(C)(CO)(H), 35.135 C—(C)5(CN) 147.640
C—(C),(CO)(H) 51.707 N—(C)(H). 277.730
C—(C)5(CO) 140.414 N—(C)»(H) 488.698
C—(C)(O)(H),  —21.400 N—(C)s 625.880
C—(C)(O)(H)  -5.093 N—(Cb)(H). 2341.412
C—(C);(0) 122.479 N—(Cb)(C)(H) 2665.735
CO—(CH5)(0) 7.884 N—(Cb)(C); 3997.599
CO—(CHy)(0) -67.931 NI—(Cb), 263.807
CO—(CH)(O) 34.246 S—(C)(H) 82.567
CO—(C)(O)  -126.384 S—(C). 363.527

Table 2 (Continued)

Group A Group A
CO—(O)(H)  -31.753 ortho correction” 0.777
CO—(C)(H)  -54.751 meta correction” -7.374

CO—(C), 14.023 | cyclopropane correction  —13.306
CO—(Cd)(0) 195.607 cyclobutane correction  -13.011
Cb—(H) 6.224 cyclopentane correction  —64.530
Ch—(C) —331.510 | cyclohexane correction ~ —39.622
C—(Cb)(H), 49.960 Co” -12.837
C—(Ch)(C)(H),  43.526 cm® 3.941
C—(Ch)(C)y(H)  55.777 cp® —4.055
C—(Cb)(C)s 86941 |[—(CH) position factor _3791
Ccb—(0) 138.092 | >(C) position factor 7,988
Cb—(COOH)  1181.043 |/double bond position factor ~ 3.355
O—(Cb)(H) 550.342 | Hydroxyl position factor ~ 12.473
0—(C)(H) 108.175 |trans or cis structure factor®  —4.361
0—(C), 360.491 | carbonyl position factor ~ —0.658
O—(CO)(CH;)  119.462 phenol position factor 2.058
O—(CO)(CH,)  187.022 | O—(C); position factor ~ —36.162
O—(CO)(CH)  229.497 exp(1/N) 51.127
O—(CO)(H) 369.423 exp(1/My) -5758.997
Tmo 5963.486

@ Ortho and meta corrections consider interactions between
alkyl chains through a benzene ring.

@ Corrections for pyridines: Co, Cm and Cp pyridine correc-
tions take into account alkyl ligands in position ortho, meta and
para with respect to the N element, respectively.

@ Trans or cis correction: cis-structure correction is 1 and
trans structure is —1.

Note: The formalism of Benson groups is described in Ref. [1].
The first symbol represents the element that forms the centre of
the group. The symbols between parentheses represent the ele-
ments to which it is linked. Usual symbols are used to represent
the elements in their normal valence state. Elements in other
valence states are distinguished by using additional characters;
furthermore, different symbols represent multiple bonded car-
bons, depending on the element at the other end of the multiple
bond: Cd, carbon forming a double bond with another carbon;
Cb, carbon involved in a benzene or a pyridine ring; CO, C O
group; CN, C= N group; NI, nitrogen of the imide (CN ) func-
tion. Also used for the nitrogen of pyridine derivatives. The
pyridine ring is considered as five Cb and one NI. For instance,
pyridine will be decomposed into: one NI—(Cb),, five Cb—(H).
Unlike Benson, who included contributions for gauche interac-
tions to ideal gas phase properties, no contribution for the
gauche interaction to melting points and vaporization enthal-
pies were considered in this work.

4 RESULTS AND DISCUSSION

The results obtained by the new position group
contribution method were compared to the experi-
mental melting points, the values predicted by the
method of Joback, which is the most extended com-
monly used method, and those by the method of Con-
stantinou and Gani. The results for the whole set of
reference compounds are presented in Table 3, which
we also summarize the mean absolute errors () and
mean absolute percentage error (o) between experi-
mental and predicted values:
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Table 3 Comparison of T, predicted by our model with those methods of Joback and Constantinou

Chemmical family Coano' of Joback _ Constantinog This studyi

pounds /K 51% /K 51% /K 51%
alkanes 158 19.87 9.68 22.31 13.81 13.89 7.15
cycloalkanes 41 21.46 11.12 24.13 13.52 16.86 8.56
alkenes 63 15.75 10.93 12.96 8.80 10.12 6.61
aromatics 40 30.42 14.08 32.20 14.52 22.44 9.91
ketones and aldehydes 67 16.18 6.57 15.98 7.19 9.06 3.89
alcohols 66 42.63 21.85 36.27 18.76 23.75 11.02
acids 66 60.31 17.82 57.02 16.20 20.49 5.91
phenols and Ether oxides 19 39.64 14.53 18.52 7.30 12.25 4.82
esters 126 35.19 14.22 28.95 12.11 11.19 4.79
bromo, chloroalkanes and nitriles 25 31.30 16.63 19.96 11.53 8.27 4.89
amines and anilines 27 20.64 9.91 55.10 24.72 8.44 4.10
Pyridines 10 26.14 11.31 28.20 12.26 15.39 6.44
alkane thiols and thio ethers 22 21.47 11.70 31.92 19.29 14.76 8.55
overall 730 29.33 12.88 27.81 12.30 14.46 6.67

g(K) = |Tm,exp - Tm,pred | (3)

_ 1
E(K) = WZP—m,exp _Tm,pred| (4)
n

Tm,exp - Tm,pred

5(%) = x100 )

m,exp

_ 1 T’ —T’ d
5(%)=szx100 (6)

n m,exp

Figure 1 reports results for the 730 compounds
considered in this study and compares our prediction
for melting points with experimental data.
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Figure 1 Comparison of melting point temperature calcu-
lated from this study with experimental values

One complementary set of position group con-
tributions was developed for the predictive estimation
of melting points of organic compounds. The second

order groups defined by Benson, which have long
been recognized as more accurate than the first order
groups for thermochemical predictions, were used for
this purpose. Position factor could distinguish between
most isomers including cis- or trans-structure of or-
ganic compounds for their properties. Contributions
for compounds containing carbon, hydrogen, oxygen,
nitrogen, sulphur, chlorine and bromine were reported,
and the results were evaluated with respect to other
predictive methods. The presents melting points show
an average deviation about 14.46 K, much less than
those from the well known method of Joback-Reid and
Constantinou-Gani well as all other estimation methods.

5 CONCLUSIONS

A new position group contribution method re-
cently proposed by our laboratory for the estimation
of the critical temperature, critical pressure, critical
volume and normal boiling point is extended to the
prediction of melting point of organics. Contributions
for compounds containing carbon, hydrogen, oxygen,
nitrogen, chlorine and sulphur are reported, and the
position distribution function is developed, which
could distinguish between the thermodynamic proper-
ties of most isomers of organic compounds including
cis- and trans- or Z- and E- structures. The results in-
dicate that our model provides very satisfactory results.
The average difference for melting point predictions
of 730 organic compounds is 14.46 K and 6.67 %. The
higher prediction accuracy of the proposed method
shown in our previous works and this work suggests
that it is possible to use a same framework to predict
the critical properties of organic compounds contain-
ing various functional groups.
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