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Four methods for calculating the enthalpies of sublimation of organic molecular crystals 
based on different methodological approaches are proposed. Comparative analysis of these 
methods was carried out and their good predictive ability with respect to various classes of 
compounds (aliphatic nitro compounds, acyclic and cyclic amines, amides and amino acids, 
benzene derivatives, heterocyclic compounds, etc.) was demonstrated. 
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The enthalpy of  sublimation is one of  the important 
characteristics of  molecular crystals. Existing methods 
lot the calculation o f  this enthalpy are relatively few in 
number and refer mostly to hydrocarbons. 

Previously, theoretical estimations of  the enthalpies 
of sublimation AHsubl of  molecular crystals have been 
carried out most frequently using the additivity method, 
based on the assumption that the magnitude of  a physi- 
cochemical characteristic Y can be represented as the 
sum of the partial contributions of  individual fragments: 

r = ZniX,, ( I ) 

where n i is the number of  fragments of  an Rh sort in a 
molecule, and X i is the contribution of  the correspond- 
ing fragment. 

To carry out calculations using the additivity ap- 
proach, first of  all, X i values must be found from the 
available experimental  data using the least-squares 
method. Then these values are used to evaluate the 
enthalpies o f  sublimation of  compounds,  for which this 
value has not been found experimentally. The best known 
scheme of  this type was proposed by A. Bondi. l 

According to the principle of  corresponding states, 
the standard heat of  sublimation is equal to the heat of  
sublimation at the lowest temperature of  a first-order 
phase transition. At this temperature, the crystalline 
state of  a substance is closest to its liquid state, and the 
enthalpy of  sublimation can be estimated as the sum of 
the contributions of  individual fragments: 

AH~t,b I = Y41iAHsubl , i  , 

where AHsubl,i is the contribution of  the ith fragment; n i 
is the number of  fragments of  the ith type in the 
molecule. 

Various classes o f  hydrocarbons  (branched and 
nonbmnched alkanes, cycloalkanes, aromatic compounds, 
and their alkyl derivatives) have been considered in 
detail.l The group increments that have been proposed t 
for hydrocarbons are thirly accurate, because they are 
based on the selection and analysis of  a great amount  of  
reliable experimental data. The group increments for 
other classes of  compounds  
have been calculated using 
substances, and sometimes, 

The additivity approach 

are less reliable, since they 
data for a small number of  
for only one substance. 
suggested by A. Bondi has 

been developed further, z -4  Enthalpy of  sublimation is 
known to be defined as the difference between the 
crystal lattice energy (E) at 0 K and the energy of  the 
substance in the gaseous state. In the general case 

--AHsubl = E + 2RT + 9/8 " RO D, (2) 

where 2RT  is difference between the energies of  a mol- 
ecule of  a substance in the solid and gaseous states, and 
9 / 8 . R 0  o is the energy of  zero-point vibrations in the 
Debye approximation. When the vapor pressure is low 
(10-3--10 -5 Torr), the enthalpy of  sublimation can be 
considered to be equal to the lattice energy taken with 
opposite sign. 

The method outlined in Ret~s. 2--4 is based on the 
idea that the energy of  the crystal lattice is related to the 
free surface area of  the molecule Sm. For S m, in turn, an 
empirical linear relation has been suggested: 

S m = 2.601Z,, + 28.13 (A2), 

where Z,, is the number of  valence electrons in the 
molecule. S m can also be estimated using systems 
of  atomic and group increments for free surface area 
Sai .2-4 
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To calculate the crystal lattice energy E, the follow- 
ing formulas have been used: 

E = 0.07675' m + 1.448 (kcal tool-I), (3) 

E = 0.202Z,, + 3.472 (kcal mol-I). (4) 

Systems of atomic increments for lattice energy 3 R a have 
also been employed. According to the analysis made in 
Ref. 3, each atom incorporated in various compounds  
makes approximately equal contributions Ra, irrespec- 
tive of its valence state, to the lattice energy of a 
molecular crystal. In close packing, molecules are ar- 
ranged in the cwstal so that the contribution of each 
atom to the energy E is maximally close to R a. 

Like the method proposed by A. Bondi, l the ap- 
proach based oil dependences (3) and (4) 2-4 for the 
evahlation of the enthalpy of sublimation shows good 
agreement with experimental results only in the case of 
low-polarity molecules. When strong electrostatic inter- 
molecular interactions occur in a crystal, which is often 
the case for compounds containing nitrogen and oxygen 
atoms, the additivity approach leads to substantial errors 
in the estimation of Al]subl. 

Another method for calculating the enthalpy of sub- 
limation involves the use of relationships that are valid 
at T = Tmeit: 

x ll~bl = ~ tt,,,~:,o,~ + .~x tt,,,~i,, (5) 

where Attsubi is the heat of sublimation at Tmeil; AHvapo r 
is the heat of vaporization at Tmei¢ AHmelt is the heat of 
melting. If we pass to T = 298 K using Kirchhoff's 
equation, we obtain the following expressions for the 
heats of phase transitions: 

298 
x'Hvap°r, 298 = xHvapor, Tmdt " S [ Cp,g - ~p+liq ] ( I T ,  

Tmell 
(6) 

AHsubl,298 = A H  ubl,7~ne h 
298 

+ [[cp,g-cp,soi]dT. 
7;neh 

(7) 

By combining Eqs. (6) and (7), we obtain the follow- 
ing relation: 

AHsubl,2 % = AHvapor,298 + AHmell -~ 
298 
.[I%~oi - cp,liq ldT. (8) 

7]nell 

Tile last term in Eq. (8) makes a relatively small 
contribution to the heat of sublimation; therefore, it can 
be neglected. The second term, viz., the heat of melting, 
amounts to 20--30% of the vaporization heat. In actual 
practice, approximate empirical methods are used to 
estimate the heats of melting. For example, rough esti- 
mates are sometimes carried out using the Walden for- 
m u l a :  

:~H, nell/Tmell = 13+_3 (kcal tool -I K-I). 

Heats of melting for some classes of compounds can 
be estimated using formulas derived in a number of 
studies, s-7 However, at present the theory of melting of 
molecular crystals is still in its developmental stage. This 
makes wide use of the method for calculation of AHsubi 
based on relations (5)--(8) impossible.  

In general, the additivity methods described above 
cannot ensure high accuracy of prediction, since A//subi 
is not by nature an additive quantity. This is why the 
calculation schemes presented above can be used suc- 
cessfully only for hydrocarbons. Therefore, the purpose 
of the present study was to develop new methods for 
calculating the enthalpies of sublimation of organic mo- 
lecular crystals containing N and O atoms based oil 
known theoretical approaches. 

Calculation of  enthalpies of  sublimation 
of  molecular crystals 

Of the existing theoretical approaches, we have cho- 
sen the four approaches that seem to be the most 
promising to fulfill this task: (1) the additivity approach; 
(2) the method of approximation of physicochemical 
characteristics by trigonometric polynomials; (3) the 
method of "structure--property" relationships (QSPR); 
(4) the method of a tom--atom potential fnnctions 
(AAPF). While we were developing methods based oil 
these approaches for the calculation of AHsubb we used a 
database composed by us and comprising experimental 
data for the enthalpies of sublimation of more than 
280 H-, C-, N-, and O-containing compounds of vari- 
otis classes (aliphatic nitro compounds, cyclic and acy- 
clic amines, amides, alnino acids, benzene derivatives, 
heterocyclic compounds, etc.8). 

1. Modification of  the additivity approach. Previ- 
ously, 9-11 a fairly accurate method for the calculation 
of additive properties of hydrocarbons and their deriva- 
tives (alcohols, ketones, benzene derivatives, halo-de- 
rivatives, etc.) has been proposed. However, this method 
is not very good for describing properties that depend 
not only on the structures of molecules but also on the 
interactions between them. Without question, the en- 
thalpy of sublimation is one of the latter type of proper- 
ties. 

In this study, we attempted to take these interactions 
into account by considering not only the contributions 
of individual fragments (such as hydroxy, nitro, carbo- 
nyl, oxo, and other groups) to the enthalpy of sublima- 
tion, but also tile contributions caused by their interac- 
tion. If some group X i is able to interact with a group Xj, 
then, in the case where the interacting molecules are 
identical, the number of X i - - X  j interactions can be 
defined as 

n(XiX)) = min([X/l,[Xfl), (9) 

where [Xi] and [X;] are the numbers of the correspond- 
ing fragments in a molecule. It was assumed that an X~ 



Enthalpies o f  sublimation of  molecular crystals Russ.Chem.Bull., Vol. 45, No. 12, December, 1996 2725 

fragment call interact with only one Xj fragment of  the 
neighboring molecule. In addition, we took into account  
not only the total numbers of  fragments and interactions 
in each structure but also their relative weights over the 
whole experimental database. Since the database under 
consideration was quite diversified with regard to frag- 
ments incorporated in molecular structures, we were 
unable to selec~a large number of  fragments that were 
encountered in the vast majority of  molecules. There- 
fore, the greater part of  the fragments chosen had rela- 
tively small coefficients of  occurrence. 

Then we constructed a linear function in which the 
numbers of  various fragments n(X k) and of  their pair 
interactions n(XiXj) were used as independent param- 
eters, while the enthalpy of  sublimation acted as the 
dependent variable: 

AHsuea = ~-~ n ( X  k )AHsubl (Xk)  + 
k 

+ ~ n(XiX j )Ansubl ( X i X j )  . 
t,j 

(9a) 

The enthalpies of  sublimation obtained using formula 
(9a) for 205 compounds  from the database mentioned 
above are presented in Table 1. The largest absolute 
error of  the calculation was ~3 kcal mol -~. 

It should be noted that although this method is 
relatively accurate, it does not allow the estimation of  
enthalpies of  sublimation of  structural isomers. For ex- 
ample, for all dinitrobenzene isomers, the same value, 
aHsubl = 22.3 kcal mol - l ,  was obtained, whereas ex- 
perimental values of  aHst,b I for o-, m-, and p-dinitroben- 
zenes are 21.8, 20.8, and 22.2 kcal mol - I ,  respectively. 
To increase the accuracy of  the calculation, finer char- 
acteristics of  the interactions, taking into account  the 
differences in the structures of  isomers, must be consid- 
ered. In addition, the fragments chosen have small 
relative weights in the database used; therefore, this 
model cannot claim to have a high predictive ability 
with respect to AHsubl of  compounds  of  other classes. 

2. Approximation of the enthalpy of sublimation by 
trigonometric polynomials. The fundamentals of  this 

Table 1. Experimental and calculated enthalpies of sublimation (AHsubl/kcal tool -I) 
molecular crystals 

of organic 

Compound Experimental l a 26 3 c 4 d 

9- Diacetylaminoanthracene 25.4~ 25~ 1 23.4 29.6 28.4 
Benzofurazan 17.1 20.6 15.8 16.5 17.2 
2,4,6-Trinitroresorcinol 28.9 25.9 29.9 30.4 28.9 
4-Amino-4 "-nitroazobenzene 32.9 30.3 30.1 32.6 28.9 

o- Hydroxybenzalaniline 19.4 21.4 23.4 17.7 21~2 
Oxamide 27.0 24.1 21.6 24.8 22.7 

Phthalamide 13.7 14.2 20.5 13.5 l 3.3 

Isophthalamide 13.0 14.2 20.5 15.7 15.6 
2,4,6-Trinitro-m-cresol 26.8 30. I 32.6 27.9 26.6 
2,4,6-Trinitromesytilene 24.8 25.3 26.2 23.7 24.4 

1 -Azabicyclo[2.2.2]octane 12.14 14.5 12.4 13.2 13.1 

Tetryl 32.0 28.9 32.7 33.1 36.8 
4-(N,N- Dimethyl-4"-nitr- 32.2 31.8 30.3 30.3 29.3 
amino)azobenzene 
4-(N,N-Dimethyl-3"-nitr- 31.9 31.8 30.3 29.4 29.5 
amino)azobenzene 
5-Methyl- 1 -phenyltetrazole 25.6 25.9 25.6 23.4 23.9 

Phthalonitrile 21.0 20.6 19.2 19.6 21.5 
lsocytosine 33.4 30.4 31.7 32.4 35.3 
2,4,6-Trinitrophenetole 28.8 27.8 25.9 27.8 29.3 
Methyl anthranylate 18.7 17.9 25.8 15.4 14.4 

m- Dinitrobenzene 20.8 22.3 22.9 21.7 20.7 
o- Dinitrobenzene 21.0 22.3 22.9 19.6 20.7 
ra- Dinitrobenzene 22.8 22.7 19.5 20.3 19.8 
p-Nitroaniline 24.1 25.4 22.6 24.6 21.4 
m-Nitroaniline 23.1 25.4 21.6 23.7 21.8 
o-Nitrophenol 20.3 20.6 19.2 21.l 20.6 

(to be continued) 
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Table 1. (continued) 

Compound Experimental I a 2 b 3 c 4 a 

2,4,6-Trinitroaniline 29.9 29.0 33. I 28.9 28.8 

Guanine 44.5 41.4 52.9 43.9 42.9 

1,3- Diamino-2,4,6-trinitrobenzene 33.5 32.4 34.7 35.1 33.3 

1,3,5-Trinitro- 1,3,5-triazacyclo- 32.1 32.9 31.2 28.6 30.5 
hexane 

1,3,5-Tfiamino-2,4,6-trinitrobenzene 40.2 40.7 38.9 39.8 38.7 

1,4- Diazabicyclo[2.2.2]octane 14.8 16.5 14.9 14.4 15.7 

N-Methyltetrazole 21.7 20.0 19.7 2 I. I 20.0 

2-Nitrofuran 18.0 15.4 13.6 17.6 l 7.3 

3-Amino-4,5-dimethylisoxazole 21.0 21.9 20.2 19.3 18.9 

3-Amino-5- methylisoxazole 19.5 19.5 18.1 20.9 19.8 

Dimethylnitramine 16.7 16.5 17.3 16.6 17.6 

Uracil 28.8 29.5 28.2 27.5 25.9 

2-Nitropyrrole 19. I 20.6 20.9 22.7 18.2 

3,5,7-Trinitro- 1 -azaadamantane 29.4 28.7 23.3 30.5 26.3 

3,6- Dinitro- l- nitroso- 32.1 29.8 30.1 30.2 29.1 
1,3,6-triazacycloheptane 
1,3,6-Trinitro- 1,3,6-triaza- 29.8 32.9 31.2 31.3 27.3 
cyclohexane 

2,4,6-Trimethyl- 1,3,5-trinitro- 22.0 23.9 27.9 29.9 28.4 
1,3,5-t riazacyclohexane 

1,3,5-Trinitro-2-nitrosobenzene 28.6 26.4 29.9 28.9 29.5 

3,5- Dinitro- I -oxa- 3,5-diaza- 24.5 26.1 25.6 25.3 27.7 
cyclohexane 

p- Dinitrobenze ne 22.2 22.3 22.9 21.8 21.4 

2,5- Dinitrotoluene 23.5 23.2 21.9 23~ 1 22.0 

2,3- Dinitrotoluene 22.32 23.2 21.9 20.9 23.1 

3,5-Dinitrotoluene 21.5 23.4 21.9 22.3 21.7 

3,4-Dinitrotoluene 22.3 23.4 21~9 21.7 23.4 

2,4-Dinitrophenol 25.0 22.2 24.9 24.g 24.8 

4-N i tropyrazole 23.6 22.5 25.3 23.1 19.8 

1,3,5-Trinitrobenzene 23.3 24.4 27.4 22.9 23.9 

1,2,3-Trinitrobenzene 27~15 24.4 27.4 24.6 27.0 

2,4,6-Trinitrotoluene 25.0 25.3 24.9 255 24.0 

2,4,5-Trinitrotoluene 26.3 25.3 24.9 26.4 26.9 

2,3,4-Trinitrotoluene 25.4 25.3 24~9 25.5 27.7 

2,4,6-Trinitrophenol 25.1 24.3 29.7 27.2 26.8 

N itroguanidine 34.1 34.6 31.4 35.5 35.9 

3-Nitrotriazole 24.4 24.4 24.0 21.2 23.5 

1,3,5,7-Tetranitro- 39.3 39.0 33.2 34.7 34.4 
1,3,5,7 - tetraazacyclooctane 

cis-Azobenzene 22.2 21.7 22.8 22.2 26.4 

1,2,4-Triazole 19.9 22.4 21.5 18.3 22.4 

p-Nit rotolue ne 18.9 21.8 18.2 19.8 19.7 

L-Valine 38.9 38.3 31.9 35.6 35.4 

n- Propylcarbamate 19.4 21.9 22.5 20.9 21.1 

2-Aminobutyric acid 38.9 35.7 31.9 34.4 34~7 

D-Alanine 34.6 35.8 28.8 33.4 34.4 

(to be continued) 
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T a b l e  1. (continued) 

Compound Experimental I a 2 b 3 c 4 d 

Glycine 32.6 31.3 25.1 32.9 33.9 

Butanamide 20.6 18.8 21.9 2:l.8 19.3 

Propanamide 18.9 18.9 15.9 21.2 20.7 

Acetamide 18.8 19.0 17.9 21.8 20.0 

Melamine 29.5 29.9 26.5 32.1 28.3 
6,9- Dimethyladenine 26.4 25.7 27.0 29.9 28.5 

Adenine 30.2 30.1 26.7 29.6 30.4 
Tetrazole 23.3 24.3 27A 22.7 19.0 
Phenazine 21.6 25.1 20.4 18.9 18.8 
lmidazole 19.5 20.3 22.3 21.6 18.5 
2,5- Dinitro-2,5-diazahexane 26.7 26.7 28.2 23.4 26.5 
2,4- Dinitro-2,4-diazapentane 26.0 24.0 27.9 23.1 24.2 
1 - Phenyltetrazole 27.4 24.5 25.9 30.1 26.5 
1,5- Diphenyltetrazole 28.7 28.9 31.9 27.5 29.3 
5-Phenyltetrazole 24.8 25.9 21.9 28.3 27.8 
2,3-Dinitrophenol 22.7 22.2 24.9 23.5 28.0 
2,5-Dinitrophenol 21.6 22.2 20.4 24.8 26.0 
1,4- Dinitropiperazine 26.6 25.9 24.5 22.9 25.9 
1 -Nitroadamantane 17.1 17.5 18.3 17.9 18.8 
1,3- Dinitroadamantane 24.8 21.9 21.9 25.8 23.3 
2,2- Dinitroadamantane 21.3 21.9 21.9 22.1 20.4 
N- Methyltetrazole 21.7 20.0 24.i 21.1 20.0 
Hexamethylenetetramine 17.9 20.3 18.3 18.1 18.6 
~,,y- Dinitropropylnitramine 22.9 25.5 21.9 24.6 24.7 
Carbamide 21.0 23.1 23.5 22.7 19.4 
1 -Adamantanyl nitrate 19.1 17.5 18.9 21.4 22.9 
2,5- Diphenyltetrazole 28.6 28.9 27.9 27.6 28.9 
N-MethyI-N,N'-dinitroethylenediamine 21.7 21.9 26.6 25.8 27.5 

Diaminofurazan 24.7 22.7 25.5 26.9 23.9 
Methylnitrofuroxan 20.8 17.6 18.7 20.5 17.3 
Benzofuroxan 19.6 20.6 21.7 18.2 18.4 
4,6- Dinitrobenzofuroxan 27.5 26.2 29.7 30.1 27.4 
5-Nitrobenzofuroxan 23.0 24.6 22.8 24.6 23.6 

a A modified version of the additivity approach (R = 0.913). b The method of approxima- 
tion by trigonometric polynomials (R = 0.843). c The method of "structure--property" 
correlations (R = 0.929). d The method of"structure--property" correlations with the use of 
three-dimensional descriptors (R = 0.933). 

method have been published previously. 12--14 The method 
is based on the following idea. In terms of  the addit ivi ty 
approach,  function Y describing some physicochemical  
character is t ic  is expressed as Eq. (1), which can be 
regarded as a representat ion of  Y by a l inear polynomial .  
To increase the  accuracy of  the es t imat ion of  the prop-  
erty Y, it would be resonable to take into account  also 
terms of  higher  degrees. Therefore,  in calculat ions o f  the  
densities of  ni t rogen- and oxygen-containing compounds,  

13 power 12 and t r igonometr ic  polynomials  have been used. 
In addi t ion,  the approximat ion  by t r igonometr ic  po lyno-  
mials has also been used for the calculat ion o f  the 

enthalpies  of  formation of  ni t rogen-  and oxygen-con-  
taining compounds.  14 

In this work, we a t tempted  to est imate the  enthalpies  
of  sublimation of  H- ,  C- ,  N - ,  and O-con ta in ing  organic 
molecular  crystals using this method.  The  ao, ank, and 
bnk parameters  for the required t r igonometr ic  po lyno-  
mial 

Y = a0/2 + ~ ~ (a~cosnXk + b~sinnX k ) 
k n 

were calculated using a compute r  program (wri t ten by 
A. E. Evtushenko, N. D. Zel insky Inst i tute  o f  Organic  



2728 Russ. Chem.BulL, VoL 45, No. 12, December, 1996 Arnautova et aL 

Chemistry of  the RAS) based on the techniques of 
regression analysis and successive inclusion of variables. 
Several sets of  descriptors were considered. The best 
correlation coefficients for series of both reference and 
check compounds were obtained with the set of descrip- 
tors that included the types of atoms and atomic frag- 
ments presented below. 

\ / -  I- c.~ o-----c~ /c\ --c... 

H- - (C )  H ~ ( N )  ~ 0 ~  O :  O~ 

~ N - -  ~ N :  ~__..N ~ N  3 ~N- -  
(heterocyclic) 

~N ~ - - N O  2 ~ C N  ~ O H  ~ N H  2 ~ " ~ O  

The reference series included 235 compounds of 
various classes. The best correlation coefficient in the 
reference series corresponded to the first harmonic (the 
number of parameters was 54) and was equal to 0.843 
(the average absolute error was 2.4 kcal mol-I) .  When 
the resulting formula was verified in relation to the 
check series (35 compounds), the correlation coefficient 
was equal to 0.797, and the average absolute error was 
3.8 kcal mol - l .  The enthalpies of sublimation calcu- 
lated for the compounds under consideration are listed 
in Table 1. The largest error in the calculations of 
AHsubl by this method was observed in the case of 
ethylenedinitramine and was equal to 11 kcal mol - l .  

It should be noted that the estimation of enthalpy of 
sublimation carried out using this approach is substan- 
tially less accurate than that using the additivity meth- 
ods. The use of polynomials with large numbers of 
parameters (the fourth and higher harmonics) increases 
the accuracy of the calculation for compounds of the 
reference series; however, the number of polynomial 
terms can approach the number of compounds in the 
reference series. Consequently, estimation of AHsubl for 
any compound not included in this series becomes 
absolutely unreliable. 15 In our case, this already occurs 
when the third harmonic is considered. 

3.1. Estimation of the enthalpy of sublimation based 
on "structure--property" relationships. Another method 
for the calculation of AHsub~ of organic molecular crys- 
tals is based on the search for "structure--property" 
relationships, i.e., on the construction of linear correla- 
tion models 

A = Ko + ZKjDi + ~ (lO) 

for a spccified group of compounds, for which cxpcri- 
mcntal values of the given propcrty arc known. In 

Eq. (10), A is a function of a dependent property, 
determined for all the compounds of the sample; E is an 
unknown function of the error. All coefficients K i of the 
equation are chosen by minimization of the absolute 
error. 

It can be seen from Eq. (10) that the "structure-- 
property" correlation is not established directly; it is 
expressed as a relationship between the properties and 
functions D i of the structures of compounds called de- 
scriptors and found by a known algorithm. Various 
molecular characteristics can be used as descriptors Di, 
for example, connectivity indices, solvation indices, 
molecular shape indices, information indices, indices 
based on atomic charges and electronegativities, sub- 
structural indices, etc. 16 

To develop a model with good predictive ability, it is 
desirable to use sets of  descriptors that reflect as fully as 
possible the characteristic features of the structures of  
the compounds included in the available database that 
are responsible for the manifestation of the property 
under consideration. Therefore, the first stage in the 
construction of a linear model consists of the calculation 
of the set of descriptors (~3000) of  various classes, 
possible in models of this type. The number of  the 
resulting descriptors can exceed substantially the num- 
ber of  the available compounds. Therefore, in order to 
reduce the number of descriptors by excluding the least 
significant descriptors from this set, in the next stage, 
they are analyzed for being correlated in pairs and for 
being nondegenerate. Since the information contents of 
descriptors that are strongly correlated with one another 
are nearly identical, it is sufficient to include in the 
model only one of them, in particular, the most mean- 
ingful from the chemical viewpoint. In addition, those 
descriptors that are poorly correlated (singly) with the 
property are also elirffinated from consideration. After 
the preliminary analysis, only a small number of de- 
sciptors  (150--200) remain for the construction of the 
models. 

Using the set of meaningful descriptors, linear re- 
gression equations are constructed based on the recur- 
sire method and on the least squares method. After that, 
among the models obtained, the best models are chosen. 
The following values are used as the criteria for this 
selection: coefficient of correlation R, standard devia- 
tion ~, the Fischer criterion F, the maximum residue 
5max, arithmetic mean of the residues 5mean over the 
training sample, and the average absolute error A. 

In the estimation of enthalpies of sublimation by this 
method, we used the EMMA (effective modeling of 
molecular activity) computer package. 17 The effective 
atomic charges were found by a known method, la The 
sample that served as the base for the construction of the 
models included 146 compounds from the database un- 
der consideration. 

Of the models that we constructed, one of the most 
stable models is based on 13 descriptors and is expressed 
by the following equation: 
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AHsut~ = 10. 277 + 1. 683(HBdo n + HBac c ) + 0.1110k + 

+ 3.475 m~m ~ Si - 66.068~. maxq - 
fq 

- 36.388min(minq) + 0.873min(~-~Si) + 
fr2 f r 3  ~ 

+ 55.139~ maxq n - 11.717~. minSi + 
fr4 rr5 

+ 6.561~ -~. maxq - I. 480y~. minSi + 
fr 6 fr7 

+ 59. 662~. minq - 0.799n(fr 9) - 0. 201 ~" S i , ( 11 ) 
fr3 frl 0 

where HB~o n is the  number  o f  possible donors  of  hydro-  
gen bonds t9 (HBdo n = [the number  o f  H atoms at O 
atoms] + [the number  of  H a toms at tr ivalent  N atoms] 

+ [the number  o f  = C H  fragments]) ,  HBac c is the num-  

ber of  possible hydrogen bond acceptors  (HBac c = [the 
number  of  O atoms] + [the number  of  trivalent N 
atoms]) ,  Ok is the ze ro -o rde r  molecular  connectivi ty 

index, 2° T.S i is the  sum of  e lect rotopological  states S i 21 

of  a toms in a f ragment  fr i, maxq is the max imum charge 
on the nonhydrogen  a toms in a fragment fri, minq is 
the min imum charge on the nonhydrogen atoms in a 
fragment fri, maxqH is the max imum charge on the 
hydrogen a toms a t tached to the a toms of  a fragment 
fri, minSi  is the m i n i m u m  number  of  electrotopological  
states S i of  the  a toms in a f ragment  fr,, and n(fri) is the 
number  of  fragments  fri in the molecule .  

For  the model  described by Eq. (11), n = 146, R = 
0.929, ~ = 2.661, F = 64.62, A = 1.905. The fragments 
used in Eq. (11) are shown below. 

~ C - - C =  C = C - - N  C ~ C  N - - C - - - ~ N  

fr 1 fr 2 fr 3 fr 4 

- - C - - C = O  C - - C - - C  C - - N - - N = N  

fr 5 fr 6 fr 7 

_ . / C . . . _ I N  

C - - C - - C = N  N - - C - - N = O  I ( )1 
fr 8 fr9 C~X-JCC ~C. . .  N 

fr~o 

The enthalpies of  sublimation obtained by this method 
for a number  o f  compounds  are presented in Table 1. Of  
the compounds  included in the database under  consid-  
erat ion,  the largest error  in the  es t imat ion of  AHsubl was 
obtained in the  case of  2 ,4 ,6 - t r ime thy l - l ,3 ,5 - t r in i t ro -  
1 ,3 ,5- t r iazacyclohexane (7.9 kcal mol - l )  (see Table 1). 
Fo r  1 , 3 , 5 , 7 - t e t r a n i t r o -  1 , 3 , 5 , 7 - t e t r a a z a c y c l o o c t a n e ,  
2 -aminobutano ic  acid,  9 -d iace ty laminoanthracene ,  and 
N-methy l -N ,N ' -d in i t roe thy lened iamine ,  the errors were 

somewhat  smal ler  and amoun ted  to 4.6, 4.5, 4.2, and 
4.1 kcal mol - l ,  respectively. 

As an evaluat ion o f  the potent ia l i t ies  of  the method  
of  "s t ructure--proper ty"  correlat ions for the  e lucidat ion 
of  the relat ionship between the structures and enthalpies  
of  subl imation of  the compounds  considered,  one can 
note that this model  involves descriptors associated with 
the electrotopological  state of  atoms,  a tomic  charges, 
and the numbers  o f  hydrogen bonds. Thus,  this model  
makes it possible to take into account  the main  types of  
in termolecular  interact ions in the crystal and to select 
molecular  descriptors that  de te rmine  the relat ionship 
between the structure o f  molecu la r  crystals and the 
enthalpy of  sublimation.  

3.2. Estimation of enthalpy of sublimation based on 
"structure--property" correlations using three-dimen- 
sional descriptors. This method  is a modif ied version of  
the convent ional  method of  "s t ructure- -proper ty"  corre- 
lations involving descriptors that  take into account  three-  
dimensional  structures of  molecules.  The  t h r ee -d imen-  
sional descriptors used in this version can formally be 
divided into two groups. The  first group includes geo- 
metr ic  descriptors sensitive to changes in the three-  
dimensional  molecular  structure,  i.e., conformat ions ,  
in teratomic distances,  bond lengths, and bond angles. 
For  the es t imat ion of  en tha lpy  of  subl imat ion,  we chose 
the following descriptors from this group: shadow indi- 
ces, 22 parameters  of  shape,  23 molecu la r  volume,  24 and 
solvation indices. 25 To calculate  these descriptors,  the 
molecule  is represented as a set of  overlapping rigid 
spheres, whose radii are equal to the van der  Waals radii 
of  the corresponding atoms. Then the molecular  vol- 
ume,  the surface area, and o ther  descriptors are calcu-  
lated for the resulting geometr ica l  structure.  

The second group comprises  th ree -d imens iona l  de-  
scriptors that  reflect the combina t ion  o f  e lectronic  and 
geometr ic  characteris t ic  features of  a molecule .  The area 
of  the charged surface of  the  molecule  26 and the solva- 
t ion indices belong to this group. The effective charges 
on the atoms used in the calculat ions can be evaluated 
by empirical  and quan tum-chemica l  methods,  ts,27 

The search for "s t ructure--proper ty"  correlat ions in- 
volving th ree-d imens iona l  descriptors  carr ied out  in re- 
lation to t~Hsubl for a test sample  consist ing of  146 
compounds  ( their  possible conformat ions  were calcu-  
lated using the M O L G E O  program 28) led to the  follow- 
ing regression model:  

AHsut~ = -5.8146 - 15.6399(max(i' - i))2/Nat - 

- 7. 84481n(PNSA-2) + 599. 7542(~'~. maxq H )2/Nat + 
fn 

+ 3.4219min)-" S t - 66.8991~ maxq + 
fq 

+ 55.5239~. maxq H - l 0o 1101~'. minSl - 
fr 3 fr 4 

- 0. 7469n(fr 5 ) + 0. 7879~.. S i - 1.4411~-~. minSi + 
fr 6 rr7 

+ 67.3580y~. minq - 2. 2458n(fr 9) - 1.5047 ~. minSt, (I 2) 
fr8 rno 
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where Nat is the number of nonhydrogen atoms in a 
molecule, max(/' - t) is the change in the inductive 
parameter i z9 upon transfer of inductive effect (the 
largest value of all the differences between i" and i for 
each nonhydrogen atom in the moleculeZT), PNSA-2 is 
the area of the negatively charged surface. In turn, 

P N S A - 2  = Qt-~ , ( -SA i ) ,  

where ( -SAi)  is the contribution of the /th negatively 
charged atom to the molecular surface area and Qt- is 
the sum of all the negative charges in the molecule. 

For this particular model, n = 146, R = 0.933, cs = 
2.599, F = 68.23, and A = 1.950. The fragments used in 
Eq. (12) are presented below (. is an arbitrary non- 
hydrogen atom). 

\ 
C - - C :  - - N - - C ~ N  C ~ C : O  

/ 
f r  1 fr  2 fr 3 

0 
H 

C - - N = O  

fq 

C - - N ~ - - C - - N  

fr  5 

N N \ / 
C- -C / # " ~ \  

% 

C - - C - - C : N  

fr7 

\ / 
C--C 

° \  
H 

f r  8 fr9 

The values of AOsubl for a number of compounds 
from the database considered are listed in Table 1. The 
largest error, equal to 6.4 kcal mol - l ,  was obtained in 
the case of 2,4,6-trimethyl-l,3,5-trinitro- 1,3,5-triaza- 
cyclohexane. 

Comparison of the results obtained in terms of the 
two "structure--enthalpy of sublimation" correlation 
models presented above shows that the use of three- 
dimensional descriptors in this method improves only 
slightly the quality of prediction (the correlation coeffi- 
cient for model (11) derived without three-dimensional 
descriptors was 0.929, while that for model (12) involv- 
ing three-dimensional descriptors was 0.933). In gen- 
eral, the method of "structure--property" correlations 
ensures fairly high accuracy of the evaluation of the 
enthalpies of sublimation of organic molecular crystals. 

4. Evaluation of the enthalpies of sublimation of 
nitroaromatie compounds by atom-atom potential func- 
tions. In terms of the method of atom--atom potential 
functions (AAPF), 30 the interaction of molecules in the 
crystal is represented as the sum of the interactions 
between the atoms constituting them: 

U(r) = 1/2EU~j(O, (13) 

where U#(r) is the potential of nonvalent atom-atom 
interaction (the summation involving i is taken over all 
the atoms in one molecule, while that involving j is 
taken over all the atoms in the rest of the molecules in 
the crystal). It is known that there are no direct experi- 
mental methods for determining the exact form of the 
U#~(r) potential. However, now we speak only about 
evaluation of the parameters of the U0(r ) function, the 
general form of which is specified beforehand using 
theoretical dependences for a particular model. 

The Uo(r) potential is normally assumed to be the 
sum of attraction and repulsion potentials: 

U = Ure p + Uattr. (14) 

The following functions are used most frequently as 
model potentials: 

U(r) = - A / r e  + B/r  12 ( L e n n a r d - - J o n e s  potent ia l ) ,  (15) 

U(r) = -A/r e + Bexp(-Cr) ("6--exp" potential), (16) 

where A, B, and C are empirical or semiempirical pa- 
rameters characterizing the interaction of a particular 
pair of atoms. 

Along with van der Waals interactions, electrostatic 
interactions also make a substantial contribution to the 
energy of a crystal lattice. The energy of the electrostatic 
interaction is found from the Coulomb formula: 

Ecoul = ]~(-e#j/rij), (17) 

where e i and ej are effective charges on atoms, which are 
calculated using quantum-chemical methods. 

On the other hand, the energy of interaction between 
a pair of atoms not linked by a chemical bond is a 
function of the distance r~j between their centers. The set 
of these distances in a crystal lattice of known symmetry 
depends on the lattice parameters and on the mutual 
arrangement of the molecules that constitute the crystal. 
Therefore, the energy of the lattice can be regarded as a 
function of the unit cell periods a, b, and c; unit cell 
angles ct, 13, and 1,; Euler angles q~, 0, and ~ describing 
the orientation of the basis molecule with respect to the 
crystal axes; and the coordinates of the center of gravity 
of the molecule x, y, z: 

E = fla,b,c,cL,fLT,x,y,z,~o,O,~p). ([8) 

By minimizing E as a function of the above parameters, 
one finds the global minimum in the potential energy 
surface of the crystal and the corresponding crystal 
lattice parameters. 

Thus, knowing the structure of a crystal (for ex- 
ample, from the Cambridge Crystallographic Database), 
atomic charges, and enthalpies of sublimation of a num- 
ber of compounds, one can find parameters A, B, and C 
from formulas (13)--(18) and use them subsequently for 
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Table 2. Parameters ofatom--atom potential functions ("6--12") 
for the calculation of Ansubl of nitroaromatic compounds 

Atoms A B r 0 e 0 
/kcal A 6. /kcal A 12" //~ /kcal tool -1 

• m o l - I  • m o l - I  

H_.H 45.434 14372 2.93 -0.0359 
H...C l~ .81  83480 3.32 -0.0474 
H...N 40.26 30015 3.38 -0.0135 
H_.O 222.05 85069 3.03 -0.1449 
H...H* 45.49 11079 2.8l -0.0467 
C...C 370.49 475289 3.70 -0.0722 
C...N 366.43 592024 3.85 -0.0567 
C_.O 599.03 470921 3 .41  -0.1905 
C...H* 125.82 66292 3.19 -0.0597 
N...N 358.30 722866 3.99 -0.0450 
N...O 698.82 705298 3.56 -0.1731 
N...H* 122.45 84238 3.34 -0.0445 
O,..O 369.15 170256 3,12 -0.2001 
O._H* 104,44 2457 1.90 -1.1100 
H*...H* 45.50 8429 2.68 -0.0614 

tile es t imat ion of  AHsubl of  o ther  related compounds ,  for 
which the enthalpies  of  subl imat ion have not been de-  
termined experimental ly .  31-33 

However,  only a few studies devoted to the selection 
of  A A P F  parameters  special ly meant  for the calculat ion 
of  enthalpy of  subl imat ion have been published. 32 They 
refer mostly to al iphat ic  and aromat ic  hydrocarbons and 
to a quite small  number  of  heterocycl ic  compounds .  No  
A A P F  parameters  for nitro compounds  have been re- 
ported.  Therefore,  using this approach,  we selected pa-  
rameters for the a t o m - - a t o m  potent ia l  functions of  an 
aromat ic  series of  nitro compounds  (this work will be 
cont inued for o ther  classes of  compounds) .  F rom the 
database under  considerat ion,  14 n i t roaromat ic  com-  
pounds were selected,  for which exper imenta l  enthalpies  
of  subl imat ion and crystal structure parameters  have 
been reported.  The enthalpies  of  subl imat ion of  these 
compounds  were evaluated by the A A P F  method  using 
sets of  parameters  published in the l i terature (electro-  
static interact ions were not taken into account) .  The 
crystal lat t ice energies were calculated using the PMC 
(Packing of  Molecules  in Crystals) program developed 
by A. V. Dzyabchenko  (L. Ya. Karpov Scientific Re- 
search Physicochemical  Institute).  Analysis of  the re- 
suits has shown that  none of  the sets of  parameters  
considered ensures high accuracy (the average error  
varied from 20 to 80%). 

To increase the accuracy of  the calculat ion of  hHsubl 
of  aromat ic  nitro compounds ,  a new set of  parameters  
for "6--12" type potential  functions (15) was obtained by 
the least squares method.  The calculat ion was based on 
a published set of  parameters .  33 The opt imized  param-  
eters of  potent ia l  functions are listed in Table 2, and the 
crystal lat t ice energies obtained using these parameters  
for the 14 ni tro compounds  considered are presented in 
Table 3, together  with the  exper imenta l  AHsubl values. 

T a b l e  3. Calculated and experimental enthalpies of sublima- 
tion (kcal mol -~) of nitroaromatic compounds 

Compound A/~;ubl Ref. 

calc. exp. 

Nitrobenzene 19.0 - -  - -  

m-Dinitrobenzene 22.6 20.8 33 

o-Dinitrobenzene 23.3 21.0 33 

p- Dinitrobenzene 24.3 22.2 33 

1,3,5-Trinitrobenzene 27.9 23.3 34 

m-Nitroaniline 19.2 23.1 35 

o-Nitroaniline 18.7 21.5 34 

p-Nitroaniline 20.2 24. l 35 

2,4,6-Trinitroaniline 31.8 29.9 36 

2,4,6-Trinitrotoluene 29.3 28.3 34 

1,3-Diamino-2,4,6-tri- 33.6 33.5 37 
nitrobenzene 

2,3,4,6-Tetranitroaniline 36.2 --  - -  

1,3,5-Triamino-2,4,6- 39.5 40.2 37 
trinitrobenzene 

Hexanitrobenzene 45.5 --  - -  

The accuracy of  the evaluat ion of  the enthalpy of  
sublimation increases substantial ly when in termolecular  
hydrogen bonds are taken into account .  This can be seen 
most clearly in the case of  2 ,4 ,6- t r ini t roani l ine.  In fact, 
we were able to decrease the error  of  the calculat ion for 
this compound from 17.7 to 6.5% by introducing addi-  
tional parameters  character iz ing hydrogen bonds. In 
general,  for the set of  A A P F  parameters  obtained,  the 
average error amounted  to 9.7%, and the average abso- 
lute error was 2.5 kcal mol - l .  The  error  can be de-  
creased by taking into account  electrostat ic  interact ions 
and by using th ree -pa ramete r  potent ia l  functions of  the 
"6--exp" type. 

Thus, as a result of  our  study, several methods  for 
the evaluation of  the enthalpies  of  subl imat ion of  vari- 
ous organic molecular  crystals were developed.  It can be 
seen from Table 1 that  all these methods ,  except ap-  
proximation by t r igonometr ic  polynomials ,  lead to s imi-  
lar correlat ion coefficients and average absolute errors. 
The method of  a t o m - - a t o m  potent ial  funct ions should 
be specially dist inguished,  since it permits  more  than 
just an est imation of  the enthalpies  of  subl imation of  
compounds  of  various classes including structural  iso- 
mers and polymorphic  modif icat ions;  this method  also 
makes it possible to take into account  specific in te rmo-  
lecular interactions (in part icular ,  hydrogen bonds).  

The methods discussed above possess satisfactory 
predictive abilities and can be used successfully to evalu- 
ate enthalpies of  subl imat ion both o f  compounds  that 
have already been synthesized and of  hypothet ica l  com-  
pounds. 
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