Journal of
the Serbian
Chemical Society

Py 000[1.mw”®@ JSCS-info@shd.org.rs » www.shd.org rs/JSCS
J. Serb. Chem. Soc. 83 (12) 1339-1349 (2018) UDC 519.177.004.14:536.77:547.395:
JSCS-5155 544.131

Original scientific paper

Application of spectral graph theory on the enthalpy change of
formation of acyclic saturated ketones

ANA GLIGORIJEVIC, SVETLANA MARKOVIC*, IZUDIN REDZEPOVIC
and BORIS FURTULA*

Faculty of Science, University of Kragujevac, Radoja Domanovica 12, 34000 Kragujevac,
Serbia

(Received 6 September, accepted 15 October 2018)

Abstract: The dependence of the enthalpy change of formation of saturated
acyclic ketones on molecular structure (the number of carbon atoms, the position
of the carbonyl group, and the branching of the molecules) was investigated. For
this purpose, a simple computational model, the parameterization of which is
based on spectral graph theory, was developed. It was found that the major part
of the enthalpy change of formation is determined by molecular size, whereas the
fine structure of the enthalpy change of formation is determined by the branching
of the molecule and the position of the carbonyl group. The developed model
proved itself very useful for such investigations. The model is simple and prac-
tical, and the agreement between the experimental and calculated enthalpy
changes of formation is very good, with an average relative error of 0.7 %.

Keywords: modified adjacency matrix; spectral moments; parameterization;
8-parametric approximate formula; molecular structure.

INTRODUCTION

An important goal of theoretical chemists is to examine the dependence of
various physicochemical features of molecules on their structure. For this pur-
pose, the chemical graph theory is often applied.! According to the graph theory,
molecules are represented with corresponding molecular graphs. A molecular
graph G with n vertices and m edges can be represented with its adjacency matrix
A, which reflects the adjacency of ordinarily non-hydrogen atoms (i.e., the exist-
ence of chemical bonds). Namely, A is a square matrix of order n whose ele-
ments a(i,j) take non-zero (usually unity) and zero values depending on whether
the vertices i and j are adjacent or not. Eigenvalues of the adjacency matrix,

* Corresponding author. E-mail: mark@kg.ac.rs
# Serbian Chemical Society member.
https://doi.org/10.2298/JSC180906086G

1339

Available on line at www.shd.org.rs/JSCS/

(CC) 2018 SCS.




1340 GLIGORUEVIC ez al.

21,42, ..An, form the spectrum of the respective molecular graph. Then, the kth
spectral moment of G is defined as:

n
M(G)=> A ()
i=1
It is well known that odd spectral moments are equal to zero in bipartite
graphs. In addition, Eq. (2) holds for all A matrices, and Eq. (3) is valid in those
cases where all edges are of weight 1:

My=n ()
M, =2m 3)

Spectral moments have found remarkable applications in the physical chem-
istry of solid state.24 Namely, using a continued fraction technique, the normal-
ized moments were employed to obtain the Hiickel molecular orbital (HMO)
density of states and other useful properties of solids. The applications of spectral
moments in the theoretical chemistry of conjugated molecules are too numerous
to be summarized here in due detail.>2% Explicit formulas, in terms of counts of
simple structural properties, were designed for the first few spectral moments of
various classes of molecular graphs.”-9-12,17.18,22,24.26,27 A procedure based on
energy partitioning via spectral moments was proposed for investigating the aro-
maticity of conjugated systems.15:16 In a series of works, moments were used to
estimate the HMO total z-electron energy and examine its dependence on mole-
cular structure.5-0-8-13,17,19.21,25,29 The spectral moments of polycyclic aromatic
hydrocarbons (PAHs) from coal-tar pitch were used to examine the relationship
between the rate of supercritical fluid extraction of PAHs and the corresponding
topological invariants.28 Contemporary applications of spectral moments have
shifted towards biochemical systems and drug discovery.39:31 This line of res-
earch has particularly flourished by the introduction of the so-called Estrada index,
which is tightly connected to the concept of spectral moments of graphs.32-33 The
mathematical properties and structural dependence of spectral moments of graphs
and the Estrada index and their modifications have also been heavily inves-
tigated.3437 The enthalpy change of formation (AHf), an important physico-
chemical property of substances, was approximated in terms of spectral moments
of phenylenes.2” The goal of the present paper is to examine the dependence of
AHr of saturated acyclic ketones on molecular structure using the spectral graph
theory. To accomplish this task, it is necessary to calculate the AHf values for
those ketones for which the experimental enthalpies are not available.

Accurate prediction of the enthalpy changes of formation of the gas-phase
molecules was achieved via high-level quantum chemistry methods. As for
ketones, the G2 ab initio approach was applied to calculate the enthalpy changes
of formation of small molecules: cyclopropenone, cyclopropanone and acetone.38
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COMPUTATIONAL MODELING OF ENTHALPY CHANGES OF FORMATION 1 34 1

Computationally less demanding, the combined HF/6-31G(d)-empirical scheme
for calculating the AHf values of carbonyl compounds was developed.3? In
addition, molecular mechanics MM3 and MM4 calculations of AHy for about 50
open chain, ring and fused ring carbonyl compounds were performed.4? The
semi-empirical parametric method 5 (PM5) was successfully applied in the inves-
tigations of the dependence of AHr of ketones on molecular structure (i.e., the
size of the molecule, the position of the carbonyl group, and the number of
methyl substituents).#! The results obtained there could serve for comparison to
the findings of this work.

COMPUTATIONAL METHODOLOGY

To develop a computational model for examining the dependence of AH; of ketones on
their structure, the experimental gas-phase AH; values for 27 saturated acyclic ketones were
used (Table I1).42*3 This is exactly the same set of data that was used in the investigation of
AH; by means of the PM5 method.*! It was supposed that AH; of the examined ketones could
be expressed as a linear combination of the corresponding spectral moments:

AHf :aOM0+a2M2+a4M4+a6M6+agM8+~--+const. (4)

The spectral moments and enthalpies of formation were calculated by means of in-house
FORTRAN programs. For this purpose, three types of the adjacency matrix were used:

a. All matrix elements that correspond to chemical bonds were equal to unity, indepen-
dently of the existence of a heteroatom;

b. The element of the adjacency matrix that corresponds to the C=O bond was given
the weight of 2 (double bond). The elements that correspond to all other bonds were equal to
unity;

c. The element of the adjacency matrix that corresponds to the C=0O bond was given
the weight of 1.24 (the C=0 bond length in ketones usually amounts to 1.24 A). The elements
that correspond to all other bonds were equal to unity;

The so-constructed adjacency matrices were used to calculate the spectral moments (Eq.
(1)) up to M5, and their values were inserted in Eq. (4). The quality of the obtained approx-
imations for AH; was examined by comparison between the experimental and calculated AH;
values, where correlation coefficient (R) and average relative error (ARE) were used as des-
criptors. The results for 8-parametric formulas (4) are presented in Table II. It is apparent that
case ¢) provides the best agreement between the experimental and calculated results for AH;
of ketones. The cases where the a(i,/) element that corresponds to the C=0 bond was given the
weights of 1.1, 1.2, 1.3 and 1.4 were also examined but there was no improvement over the
case c. Taking these facts into account, the adjacency matrix where the weight for the C=0O
bond was 1.24 was used for all further investigations.

It should be emphasized that in all three cases, a, b and ¢, Eq. (4), was constructed in a
way that the number of summands was gradually increased, and the quality of each approx-
imation was inspected. The results for case ¢ (best approximation) are summarized in Table
III. The increase of parameters in Eq. (4) necessarily improves the approximation, i.e., dec-
reases the average relative error and increases the correlation coefficient. With an increasing
number of parameters, this improvement decreases, and for M4 and higher spectral moments,
it becomes negligible. Using F statistics, the justification for introducing a new parameter in
the model shown in Eq. (4) was tested. The F-test acknowledges the noticeable alteration in

Available on line at www.shd.org.rs/JSCS/

(CC) 2018 SCS.



1342 GLIGORUEVIC ez al.

the variance of the model on the addition of a new parameter. Obtained results indicated that
the 4-parametric model is sufficient for predicting the AH; of ketones.

TABLE 1. Molecular graphs and AH; values for the set of ketones used for parameterization.
The vertices and edges that correspond to the carbonyl groups are marked with different color

Molecular graph AH;/ kJ mol!

Ketone Exp. Calcd.

2-propanone .j_. -218.53 -218.75
2-butanone s -238.57  -236.80
2-pentanone ! -259.03 —258.71
3-pentanone l —253.55 25533
2-hexanone -279.78  -280.18
3-hexanone ! 27824 27723
4-heptanone A ~298.32  -298.93
2-nonanone -340.79 -343.12
5-nonanone cessieses -34493 -341.45
6-undecanone 1 38740  —386.33
2-dodecanone o I 000000000 -404.26 —406.39
3-methyl-2-butanone etde -262.59 -264.10
3,3-dimethyl-2-butanone R ! . -290.66 —294.32
3-methyl-2-pentanone - . -284.09 -283.89
4-methyl-2-pentanone -291.21 -288.74

—286.19 -282.71
-303.76  -309.97

2-methyl-3-pentanone
3,3-dimethyl-2-pentanone

L ]
®
.

L 2
>
b

4,4-dimethyl-2-pentanone -320.49 -322.12

2,2-dimethyl-3-pentanone o l -313.80 -311.30

2,4-dimethyl-3-pentanone Jlt. —311.29  -308.88

3,3,4-trimethyl-2-pentanone . '1 . -328.44 -330.53

2,2 4-trimethyl-3-pentanone . ] I= -338.32 -333.74

[

3,3,4,4-tetramethyl-2-pentanone il —347.69 -343.84
* 4

2,2,4,4-tetramethyl-3-pentanone 1t -345.81 -351.51
R

2,6-dimethyl-4-heptanone -357.69 -357.51

2,2,5,5-tetramethyl-3-hexanone EI I -393.88 —389.03

2,2,6,6-tetramethyl-4-heptanone —-421.33 —421.53
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COMPUTATIONAL MODELING OF ENTHALPY CHANGES OF FORMATION 1 343

TABLE II. Correlation coefficients (R) and average relative errors (ARE) for 8-parametric Eq.
4

A matrix R ARE | %
Casea 0.990 1.38
Case b 0.996 1.09
Case ¢ 0.998 0.69

TABLE III. Correlation coefficients (R) and average relative errors (ARE) for increasing
number of parameters in Eq. (4). The results refer to the adjacency matrices whose elements
that correspond to the C=0 bonds are equal to 1.24

No. of parameters R ARE | %
2 (up to My) 0.983 2.11
3 (up to M») 0.985 2.03
4 (up to My) 0.990 1.49
5 (up to My) 0.996 1.00
6 (up to My) 0.998 0.79
7 (up to M) 0.998 0.73
8 (up to Mi,) 0.998 0.69

However, such a model was not able to describe the dependence of AH; of ketones on
fine structural details. Additionally, the introduction of more than 4 parameters in the model
still significantly lowered the average relative error of the estimate. Therefore, the results
obtained by the F-test were ignored and it was decided that the optimal approximation for AHy
of ketones would be given with 8-parametric Eq. (5). This approximate formula reproduces
AH; of saturated ketones with satisfactory accuracy, resulting in ARE values of less than 1 %.
Thus, it was used to calculate the AH; of numerous unbranched and branched ketones. The
results for the set of ketones used for parameterization are listed in Table I:

AH¢ = -39.29136n+17.68924M, —2.65522M , —1.74032M ¢ +

5
+1.08415Mg —0.23210M, +0.01749M, — 117.23579 (kJ mol!) )

RESULTS AND DISCUSSION

The dependences of AHf on the size of molecule n (number of carbon
atoms), the position of carbonyl group ¢, and the branching of the molecule b
(number of methyl substituents) were examined. For this purpose, Eq. (5) was
used to calculate AHf values for numerous ketones the experimental data of
which are not available in the scientific literature. The results obtained are pre-
sented in Table IV. When the dependence of AHs on a certain structural property
was investigated, the other two were kept constant. It was expected that the
influence of all structural features could be better analyzed in this manner
because a weak influence of some structural property is protected from possible
screening by a much stronger influence of another structural property.

The dependence of AHf on molecular size was examined on the series of
unbranched ketones listed in Tables I and IV. The maximum number of carbon
atoms n was 17. In accordance with the experimental and theoretical findings,*1-43
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1344 GLIGORUEVIC ez al.

AHr of ketones decreases with the increasing size of the molecules by approx-
imately 21 kJ mol~! per methylene group. The dependence of AH¢ on n is linear
(Fig. 1). The correlation coefficients for the homologous series of 2-, 3-, and
4-ketones amount to —0.99998, —0.9997, and —0.9997, respectively.

TABLE IV. Calculated enthalpies of formation for some ketones

Ketone AH;/kJ mol'! | Ketone AH¢/ kJ mol'!
2-heptanone -301.35 3,4,4-trimethyl-2-hexanone -353.36
3-heptanone —298.49 3,3,5-trimethyl-2-hexanone —357.89
3-nonanone -340.39 3,3,4-trimethyl-2-hexanone -347.46
4-nonanone -339.89 7-methyl-3-octanone —348.03
2-decanone —364.83 6-methyl-3-octanone -345.97
3-decanone -361.44 5-methyl-3-octanone -346.76
4-decanone -361.24 4-methyl-3-octanone —344.13
5-decanone -362.33 2-methyl-3-octanone —346.01
2-undecanone -385.29 8,9-dimethyl-3-heptanone -360.25
3-undecanone -382.52 5,6-dimethyl-3-heptanone -352.33
4-undecanone —382.59 4,6-dimethyl-3-heptanone —351.59
S-undecanone —387.34 2,6-dimethyl-3-heptanone -353.64
2-heptadecanone —122.32 5,5-dimethyl-3-heptanone —355.44
3-heptadecanone -121.42 4,5-dimethyl-3-heptanone -346.91
4-heptadecanone —121.49 2,5-dimethyl-3-heptanone -351.45
5-heptadecanone —121.53 4,4-dimethyl-3-heptanone -346.58
6-heptadecanone -121.45 2,4-dimethyl-3-heptanone —348.27
7-heptadecanone —121.45 2,2-dimethyl-3-heptanone —352.78
8-heptadecanone —121.45 4,5,5-trimethyl-3-hexanone -354.99
9-heptadecanone —121.45 2,5,5-trimethyl-3-hexanone -364.22
7-methyl-2-octanone -351.12 4,4,5-trimethyl-3-hexanone -345.41
6-methyl-2-octanone -348.90 4,4,2-trimethyl-3-hexanone —347.28
5-methyl-2-octanone -349.41 2,2,5-trimethyl-3-hexanone -359.44
4-methyl-2-octanone -350.19 2,2 4-trimethyl-3-hexanone -351.01

—347.04 2.,4,5,5-tetramethyl-3- —352.65
3-methyl-2-octanone

pentanone

6,6-dimethyl-2-heptanone -363.66 7-methyl-4-octanone —348.80
5,6-dimethyl-2-heptanone -355.45 6-methyl-4-octanone —347.04
4,6-dimethyl-2-heptanone -357.07 5-methyl-4-octanone -344.42
3,6-dimethyl-2-heptanone —354.73 3-methyl-4-octanone -344.40
5,5-dimethyl-2-heptanone -359.23 2-methyl-4-octanone —349.58
4,5-dimethyl-2-heptanone —353.78 6,6-dimethyl-4-heptanone -360.65
3,5-dimethyl-2-heptanone -352.49 5,6-dimethyl-4-heptanone —349.64
4,4-dimethyl-2-heptanone -359.67 3,6-dimethyl-4-heptanone -351.91
3,4-dimethyl-2-heptanone -351.44 2,6-dimethyl-4-heptanone -357.51
3.,4,5-trimethyl-2-hexanone -355.57 5,5-dimethyl-4-heptanone —346.54
4,5,5-trimethyl-2-hexanone -364.45 3,5-dimethyl-4-heptanone —345.74
3,5,5-trimethyl-2-hexanone -365.78 2,5-dimethyl-4-heptanone -351.91
4,4,5-trimethyl-2-hexanone -361.41
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Fig. 1. Dependence of the enthalpy change of formation of ketones on molecular size.

The dependence of AHf on the position of carbonyl group ¢ was examined
on the series of unbranched isomeric ketones where »n ranges 7—11. The influence
of c upon AHs is illustrated in Fig. 2. Tables I and IV show that the influence of ¢
is much smaller than that of #, and does not exceed 3—4 kJ mol-1.

—&— heptanones
300 1 ——=n —®— octanones
o —4&— nonanones
decanones
- =320 ———o —*— undecanones
\
=]
g
= —3401 — &~ A
’\
—360 1
—380 1 - o
e -
—400
1 2 3 4 5 6 7

Position of carbonyl group

Fig. 2. Dependence of the enthalpy change of formation of ketones on the position of
the carbonyl group.

In each examined series of isomeric ketones, the AHr value of 3-ketone is
larger than that of 2-ketone (Tables I and IV and Fig. 2). As the carbonyl group is
further shifted toward the middle of a molecule, the enthalpy change of formation
decreases. An interesting feature of Fig. 2 is that the AHf values of 4- and 5-deca-
nones, as well as of 4- and 5-undecanones, are mutually very similar. It could be
assumed that larger ketones would also exhibit such behavior, implying that, in
the cases where carbonyl group is sufficiently separated from the end and middle
of the molecule, the enthalpy change of formation becomes independent of ¢. An
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1346 GLIGORUEVIC ez al.

attempt was made to examine this assumption in heptadecanones. However, Fig.
3 reveals that the last four AHf values are identical. This occurrence is, certainly,
a consequence of imperfection of the employed computational model, which
does not distinguish among larger isomeric ketones. This limitation would be
eliminated by increasing the number of parameters in Eq. (4), i.e., by introducing
higher spectral moments. However, such treatment would make the resulting
approximate formula difficult to manage and impractical.

—121.4
- | | | | ]
o
]
- -1216
S
=)
= -1218
\
T
< 1220
=122
o
—-122.4
1 2 3 4 5 6 7 8 9

Position of carbonyl group

Fig. 3. Dependence of the enthalpy change of formation on the position of the carbonyl group
in heptadecanones.

To investigate the dependence of AHr on the branching of the molecule b, all
unbranched and branched 2-, 3-, and 4-nonanones (b ranges 0—4) were cons-
tructed (each series consisting of 24 isomers), and their AHf values calculated
(Tables I and IV). Graphical depiction of the results obtained is given in Fig. 4
and in the Supplementary material to this paper.

—3401 @
345 °
- ] ¥
I, ® v o(
S |
Z —350 ° e]
3 ¥ v2
= —ass] 3
g T v o4
<
—360 v
—365 1
—370
0 1 2 3 4 s

Number of methyl groups

Fig. 4. Dependence of the enthalpy change of formation on the branching of the molecule in
3-nonanones.
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The molecules 2-, 3-, and 4-nonanones show very similar dependence of
AHs on b. The larger b is, the wider is the range of AHf values of isomeric
ketones. AHr generally decreases with increasing number of methyl substituents.
The difference between an unbranched nonanone and the corresponding branched
isomer of the lowest AHs is around 20 kJ mol~!. It could be concluded that the
branching of a molecule strongly influences the enthalpy change of formation of
ketones. The influence of this structural property is comparable to that of the
molecular size. It could be supposed that the influence of branching could be
even stronger in the case of larger molecules, where the isomers are more
numerous, and b can take larger values.

CONCLUSIONS

There are two main conclusions regarding the dependence of AHf of acyclic
saturated ketones on molecular structure. Firstly, molecular size (presented as the
number of carbon atoms) exerts the greatest influence on AHr of ketones. Sec-
ondly, the influence of fine structural details, such as the position of the carbonyl
group and the number of methyl substituents, is weaker. However, the impact of
the latter structural property could be comparable to that of the molecular size,
particularly when large ketones are in question.

The computational model based on the spectral graph theory was found to be
useful for such investigations. Thus, the model is simple and practical. Further-
more, the agreement between the experimental and calculated enthalpies of form-
ation of ketones is very good, with an average relative error of 0.7 %. A com-
parison of the findings of this work with those performed by means of the PM5
method?! revealed that both investigations follow the same trends, and the differ-
ences are only quantitative.

The calculation of the enthalpies of formation of flexible compounds by
means of semi-empirical methods (and all other quantum-mechanical methods) is
complicated by the fact that a molecule of such compounds can adopt many
conformers, where each conformer has its own enthalpy. Therefore, to determine
the enthalpy of formation of a flexible molecule it is necessary to construct all its
conformers, calculate the enthalpy of formation of every single conformer, and
finally, calculate AH¢ using the formula:44

AHg =) N;(AHy), (6)
i
where N; represents the mole fraction of the ith conformer and is given by the
formula:

N.
N. + [ S— 1 7
i 2w (i) {0

i R R
e RT
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1348 GLIGORUEVIC ez al.

An advantage of the model used in this work is that it predicts a unique AH¢
value for a certain compound, independently of the number of rotamers that the
compound can adopt. Certainly, the model is also characterized with some short-
comings. Namely, it does not distinguish among the isomers of large ketones.
Finally, Eq. (5) can only be applied to ketones. A new parameterization would be
required for another class of compounds.

SUPPLEMENTARY MATERIAL

Additional data are available electronically at the pages of journal website: http:/
/fwww.shd.org.rs/JSCS/, or from the corresponding author on request.
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Technological Development of the Republic of Serbia (Project Nos. 172016 and 174033).

U3BOL
OIOPEBUBAILE ITPOMEHE EHTAJITTMJE ®OPMHUPAIBA 3ACHREHHX KETOHA
[MPUMEHOM CITEKTPAJIHE TEOPUJE TPA®OBA

AHA TJIMTOPHUJEBUWR, CBETJIAHA MAPKOBUHR, U3YWH PEIIETIOBUR u BOPHUC ®YPTYJIA

IIpupogro—matuemamiuuxku Gaxyniei, Ynusepsuiuei y Kpaiyjesuy, Pagoja Jomanosuha 12,
34000 Kpatyjesay,

HcnuTaHa je 3aBUCHOCT IPOMEHE €HTaINMje (popmMupama 3aCHheHUX KETOHA Off MOJe-
KyJICKe CTPYKType (§poja yI/beHUKOBUX aTOMa, Io3uLMje KapOOHWIHe TpyIie ¥ rpaHama MoJjie-
Kyna). Y OBy CBpPXy KOHCTPYHCaH je jefHOCTaBaH KOMIJYTEPCKU MOZEN, Ydja je apaMeTpu-
3alldja 3acHOBaHA Ha CIEKTpanHOj Teopuju rpacdosa. Haheno je ma najsehm neo mpomene
eHTa/nnuje (popMupama 3aBUCH Of BEJIMUMHE MOJIEKy/a, a GUHU AeTaby cy oppeheHu rpa-
HakeM MOJEKy/a U NO3ULHjOM KapOOHWIHE rpyne. Pa3sBUjeHH MOJEN ce MoKa3ao kao BEOMa
KODHCTaH 3a OBakBa MCNUTHBamwa. Ca jefHe cTpaHe MOZEN je jefHOCTaBaH U MpaKTHYaH, a ca
Opyre cjarame HM3padyyHaTHX NPOMEHa €HTalNHja (opmupama Ca €KCIEPUMEHTATHUM je
BeoMa 1obpo, ca MpoceyHoM penaTUBHOM rpeuikom ox 0,7 %.

(ITpummeno 6. centemdpa, mpuxsaheno 15. okrodpa 2018)

REFERENCES

1. M. Randi¢, M. Novi¢, D. Plavsi¢, Solved and unsolved problems of structural chemistry,
CRC Press, Boca Raton, FL, 2016

J. K. Burdett, S. Lee, J. Am. Chem. Soc. 107 (1985) 3050

J. K. Burdett, S. Lee, J. Am. Chem. Soc. 107 (1985) 3063

S. Lee, Acc. Chem. Res. 24 (1991) 249

G. G. Hall, Proc. R. Soc. London 229 (1955) 251

R. A. Marcus, J. Chem. Phys. 43 (1965) 2643

Y. Jiang, A. Tang, R. Hoffmann, Theor. Chim. Acta 66 (1984) 183
L. Tirker, MATCH Commun. Math. Chem. 16 (1984) 83

J. Cioslowski, Z. Naturforsch., A 40 (1985) 1167

10. Y. S. Kiang, A. C. A. Tang, Int. J. Quantum Chem. 29 (1986) 229
11. J. Cioslowski, MATCH Commun. Math. Chem. 20 (1986) 95

12. G. G. Hall, Theor. Chim. Acta 70 (1986) 323

13. J. R. Dias, J. Mol. Struct. (Theochem) 149 (1987) 213

14. J. R. Dias, Can. J. Chem. 65 (1987) 734

PRNANRWD

©

Available on line at www.shd.org.rs/JSCS/

(CC) 2018 SCS.



15.
16.
17.

18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.

29.
30.
31.
32.
33.
34.

35.
36.
37.
38.
39.

40.
41.

42.

43.

44,

COMPUTATIONAL MODELING OF ENTHALPY CHANGES OF FORMATION 1 349

Y. Jiang, H. Zhang, Theor. Chim. Acta 75 (1989) 279

Y. Jiang, H. Zhang, Pure Appl. Chem. 62 (1990) 451

I. Gutman, G. G. Hall, S. Markovié, Z. Stankovi¢, V. Radivojevi¢, Polycycl. Arom.
Comp. 2 (1991) 275

D. Babi¢, A. Graovac, . Gutman, Theor. Chim. Acta 79 (1991) 403

S. Markovi¢, I. Gutman, J. Mol. Struct. (Theochem) 235 (1991) 81

S. Markovié, Theor. Chim. Acta 81 (1992) 237

1. Gutman, Theor. Chim. Acta 83 (1992) 313

Y. Jiang, X. Qian, Y. Shao, Theor. Chim. Acta 90 (1995) 135

I. Gutman, V. R. Rosenfeld, Theor. Chim. Acta 93 (1996) 191

S. Markovié, A. Stajkovié, Theor. Chim. Acta 96 (1997) 256

I. Gutman, S. Markovi¢, A. Vesovi¢, E. Estrada, J. Serb. Chem. Soc. 63 (1998) 639

S. Markovi¢, J. Chem. Inf. Comput. Sci. 39 (1999) 654

S. Markovi¢, Z. Markovi¢, R. 1. McCrindle, J. Chem. Inf. Comput. Sci. 41 (2001) 112

S. Markovi¢, Z. Markovic, J. P. Engelbrecht, R. I. McCrindle, J. Chem. Inf. Comput. Sci.
42 (2002) 82

S. Markovi¢, Indian J. Chem., A 42 (2003) 1304

U. Debnath, S. B. Katti, Y. S. Prabhakar, Curr. Comput. Aided Drug Design 9 (2013) 472
M. Mabhani, S. Sheikhghomi, H. Sheikhghomi, J. Fasihi, J. Struct. Chem. 58 (2017) 344
E. Estrada, Bioinformatics 18 (2002) 697

E. Estrada, Proteins: Struct. Function Bioinf. 54 (2004) 727

R. Nasiri, H. R. Ellahi, A. Gholami, G. H. Fath-Tabar, A. R. Ashrafi, MATCH Commun.
Math. Comput. Chem. 77 (2017) 157

G. P. Clemente, A. Cornaro, MATCH Commun. Math. Comput. Chem. 77 (2017) 673

B. Li, MATCH Commun. Math. Comput. Chem. 77 (2017) 701

G. Lekishvili, MATCH Commun. Math. Comput. Chem. 75 (2016) 355

D. W. Rogers, F. J. McLafferty, A. V. Podosenin, J. Org. Chem. 63 (1998) 7319

L. R. Schmitz, I. Motoc, C. Bender, J. K. Labanowski, N. L. Allinger, J. Phys. Org.
Chem. 5 (1992) 225

C. H. Langley, J. Lii, N. L. Allinger, J. Comput. Chem. 22 (2001) 1476

S. Markovié, A. Despotovié¢, D. Jovanovi¢, I. Purovié, Russ. J. Phys. Chem. 83 (2009)
1430

J. D. Cox, G. Pilcher, Thermochemistry of organic and organometallic compounds, Acad.
Press, London, 1970

J. D. Pedley, R. D. Naylor, S. P. Kirby, Thermochemical data of organic compounds,
Chapman & Hall, London, 1986

W.J. Hehre, A. J. Shusterman, J. E. Nelson, The molecular modeling workbook for
organic chemistry, Wavefunction, Irvine, CA, 1998.

Available on line at www.shd.org.rs/JSCS/

(CC) 2018 SCS.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




