J. Chem. Eng. Dat2007,52, 1195-1202 1195

Study of Structural and Thermodynamic Properties for Polychlorinated
Dibenzothiophenes by Density Functional Theory

Shu D. Chen! Hong X. Liu,* and Zun Y. Wang*:f

School of Biological and Chemical Engineering, Jiaxing University, Zhejiang Jiaxing, 314001, PRC, and Department of Material
and Chemical Engineering, Guilin Institute of Technology, Guangxi Guilin 541004, PRC

Standard enthalpy, standard Gibbs energy, standard entropies, and standard heat capacities at constant volume for
136 polychlorinated dibenzothiophenes (PCDTSs) in the gaseous state at 298.15 K and 101.325 kPa have been
computed using the density functional theory (B3LYP/6-31G*) with Gaussian 98. On the basis of the output data

of Gaussian, isodesmic reactions were employed to calculate the standard enthalpy of formation and the standard
Gibbs energy of formation of the 136 PCDTs in the gaseous state at 298.15 K and 101.325 kPa. The correlation
equations between the standard entropy, standard heat capacity at constant volume, the standard enthalpy, the
standard Gibbs energy, and the position of Cl substitutidszd were obtained, where a2 values are larger

than 0.98. On the basis of the magnitude of the relative standard Gibbs energy of formation, the relative stability
of PCDT isomers was theoretically proposed in this work and compared with that of polychlorinated dibenzofurans
(PCDFs). In addition, the correlations between structural parameters and the position of Cl subshkgipn (

were discussed. The good correlations were found between molecular average polarizability, energy of the highest
occupied molecular orbital, energy of the lowest unoccupied molecular orbital, molecular volunidscanaind

all R2 values are larger than 0.97.

Introduction 9 1
. . . 8 2
Polychlorinated dibenzothiophenes (PCDTSs), the sulfur ana-
logues of polychlorinated dibenzofurans (PCDFs), were first 7 3
reported to occur in environmental samples in 198®&e 6 s 4
structure and atomic numbering of the parent is illustrated in DT

Figure 1). An overview of these and subsequent samples andgigre 1. Numbering of carbon atoms in DT.
their origins is given in ref 2. Sielex et &have predicted gas

chromatographic retention indices of PCDTs on nonpolar o 4] 136 PCDTs using density functional theory (DFT) with
columns, and Puzyn et él.haye predicted environmental  Gayssian 98 programi3With the design of isodemic reactions,
partition coefficients and Henry's Iavx_/ constants of 135 PCDT he standard enthalpies of formationd?) and the standard
congeners. However, thermodynamic data of PCDT have not gjpps energies of formatiom\(G?) of PCDTs were obtained.
been reported. . . The purpose of this study is to discuss the correlations of
Zeng et af and Li et al® have researched the thermodynamic — stryctural and thermodynamic properties withts In addition,
properties of polybrominated diphenyl ethers (PBDES) and according to the magnitude of the relative standard Gibbs
polybrominated dibenzp-dioxins (PBDDs) by B3LYP/6-31G*,  gpergies of formation, the theoretic relative stability orders of
respectively. We have calculated thermodynamic data of poly- the isomers are discussed. At the same time, we have discussed
chlorinated dibenzg-dioxins (PCDDs), polychlorodibenzo-  the correlations between structural parameters and the position
furans (PCDFs), polychlorinated biphenyls (PCBs), polychlo- of | substitution Kpcs.
rinated naphthalenes (PCNs), and pol.ybromi.nated lnaphthalenes Like PCDDs and PCDEs. PCDTs have a variable number of
(PBNS)’F.H and the data evaluated via the first principles are chlorines attached to two iohenyl rings. In this study, diben-
greatly different from those of AM1 and PM3Moreover, we zothiophene (DT) attached to from one to eight chlorine atom-

have found that the isomers with low free energy have a high N ; -
ratio of formation; i.e., the ratio of formation for isomers are (S? was .defmed .MCDT (monpchIodlbgnzothlophengs), DCDT
(dichlodibenzothiophenes), tri-CDT (trichlodibenzothiophenes),

consistent with their relative stabilities. At the same time, we ; !
have found that thermodynamic properties of these compounds.TCDT (tetrachlodibenzothiophenes), penta-CDT (pentachlod-

. ) ” . ibenzothiophenes), hexa-CDT (hexachlodibenzothiophenes),
have g.ood relations with the pos!tlon of CI.SUbStItu“M@ ) hepta-CDT (heptachlodibenzothiophenes), and OCDT (octachlo-
In this study, the thermodynamic properties (standard entropy

(9), standard heat capacities at constant pressdtg),(the dibenzothiophenes), respectively.
standard enthalpiesi(), and the standard Gibbs energi€$)) .
in the gaseous state at 298.15 K and 101.325 kPa were computeg; omputational Methods

, Becke’s three-parameter hybrid function combined with the
* Corresponding author. Tek-86-0573-3643937. Faxt-86-0573-3643937. gradient-correlation functional of Lee, Yang, and Parr (LYP)
E-mail: wangzun315cn@163.com. . ! L . ’
t Jiaxing University. denoted B3LYP, was employed in the computations using DFT.
*Guilin Institute of Technology. The all-electron 6-31G* basis set was employed. Geometries
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were optimized using analytic gradient techniques, that is, the
Berny algorithm with redundant internal coordinates. The

stationary points on the potential energy surface were character-

ized by calculations of vibrational frequencies, which were done
analytically at DFT levels. Following the geometry optimization,

frequencies were calculated using the same method at a .horobenzene

stationary point. Throughout this paper, all calculations for
PCDTs were carried out with B3LYP/6-31G* Opt Freq.

The equations used for computing thermochemical data in
Gaussian programs are derived from statistical thermodynamics
Two key ideas of statistical thermodynamics are the Boltzmann
distribution and the partition function. The partition function is
like a thermodynamic wave function, in the sense that it contains
all thermodynamic information about the system, just as the
guantum mechanical wave function contains all dynamic
information.

Entropy and Heat CapacityThe entropy and heat capacity
can be directly obtained from the output of Gaussian programs.
The equations used for computing thermochemical data in the

2007

Table 1. Experimental and Computational Thermodynamic
Parameters of the Substances in the Ideal Gas State at 298.1%8 K

AiH? AGY H¢ G?
compound kdmol~t  kJ-molt hartree hartree
benzene 82.92 129.66  —232.14258 —232.17302

5101 98.9 —691.74731 —691.78288
benzothiophene  149.04 243.29 —860.13514 —860.17980

a AfH? is the standard enthalpy of formation of the compouteG? is
the standard Gibbs energy of formation of the compotifds the standard

‘enthalpy; and? is the standard Gibbs enerdf.aken from ref 17¢Taken

from ref 18. Other data obtained from B3LYP/6-31G* calculations.

calculationst® The results ofAjH? and A¢G? from eqgs 4 and 5

for PCDTs are listed in Table 2. At the B3LYP/6-31G* level,
the mean absolute deviation of calculated thermochemical
guantities from experiment for a variety of compounds is 33.05
kJ'mol~! and the standard deviation is 39.75-rkdl~1.1°
Because all the values are from theoretical calculations, variables
can be exactly repeatable.

programs are equivalent to those given in statistical mechanics ~ Structural Parameters.Structural properties such as the

texts1415

Enthalpy and Gibbs Energy of Formationin this study,
reaction 1, which is similar to the isodesmic reaction used to
calculate thermodynamic data for the PBBRsid PBDES?
served as the basis for calculating1’ andA¢G? for the PCDTSs.

dibenzothiophené- n-chlorobenzene=
PCDT+ n-benzene (1)

The standard enthalpy change of the reactisi() is equal
to the sum of the standard enthalpies of the products as obtaine
from DFT calculations minus the sum of the standard enthalpies
of reactants

ArH o= [HHPCDT—'— nHebenzen]a - [H HDT + nHechlorobenzerle (2)

The sum of the standard enthalpies of formation of the
products minus that of the reactants also yieiid?
AH=
[Af H GPCDT+ r]AfH abenzen]z - [AfH eDT + nAf H gchlorobenzenls
3
By substituting eq 3 into eq 2\fH’cpt could be obtained by
eq 4

0 0
o~ NH H'r —

nAngbenzené‘r nAfHechlorobenzene—'— AfHeDT (4)

[/ Y 0
AfH PCDT H PCDT+ nH benzen chlorobenzene

Similarly, AtG%cpt could be obtained by eq 5

0 _ t 6 _ 0 _ 0
AfG PCDT — G PCDT+ nG benzene nG chlorobenzene G DT
4 0 0
I’]AfG benzené"_ nAfG chlorobenzene—i_ AfG DT (5)

The experimental values oAsH? and A;G? for diben-

dipole moment of the moleculegt), energy of the highest
occupied molecular orbitalEyomo), energy of the lowest
unoccupied molecular orbitaE(ymo), the most negative atomic
net charges of the moleculg), the most positive atomic net
charges of the molecule on the hydrogegii{), molecular
volume {), and molecular average polarizability)(were also
obtained from the output of Gaussian programs.
Correlations between Structural and Thermodynamic Prop-
erties and Cl Substitution Positionsf the numbers of chlorine

datoms at positions 1 or 9 are defined ldg the numbers of

chlorine atoms at positions 2 or 8 are definedNgsthe numbers

of chlorine atoms at positions 3 or 7 are definedNas the
numbers of chlorine atoms at positions 4 or 6 are defined as
Ng; the numbers of chlorine atoms at ortho, meta, and para
positions are symbolized a, Ny, andNp; and the numbers

of dichlorine atoms at positions 1 and 9 &gy, respectively.
Ortho, meta, and para positions indicate two chlorine atoms
substituent to ortho, meta, and para positions, respectively. For
1,2,3,4,6,9-hexa-CDT, thid;, N2, N3, Na, No, Nm, Np, andNy o
equals 2, 1, 1, 2, 3, 2, 2, and 1, respectively. Using the
GQSARF2.0 progrart? Npcswere taken as theoretical descrip-
tors to establish the correlation equations. These equations with
large R? values show that structural and thermodynamic
properties have good relations wilpcsfor PCDTSs.

Results and Discussion

All of the energies and other thermodynamic quantities
calculated for 136 PCDTs of the ideal gaseous state at 298.15
K are listed in Table 2.

Relations of Thermodynamic Properties andpibs The
dependence of PCDTs' thermodynamic properties on the
number of chlorines was investigated. The correlation§’of
C%, HY and G? with Npcs for PCDTs can be described as
follows (eqs 6 to 9) using the GQSARF2.0 program

zothiophene, chlorobenzene, and benzene taken from the<d;jmol t.k 1=

literaturé”18 are listed in Table 1, which also lists the values
of H? and G? calculated at the B3LYP/6-31G* level for these
compounds.

The basic requirement of an isodesmic reaction is that the
number of each type of bond is conserved in products and

reactants. The method of isodesmic reactions relies on theC’s/Jmol K~

similarity of the bonding environments in the reactants and
products that leads to partial cancellation of systematic errors
in the density functional and ab initio molecular orbital

394.28+ 27.8MN, + 29.8N, + 30.26\, + 29.14N, — 1.6M,
(6)
R°=0.9997 SE=0.676

1

168.86+ 15.86\, + 15.8M, + 15.86\, + 15.7N, (7)
RP=0.9999 SE=0.28
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H’/hartree= —860.14948- 459.58776\, — 459.59679|, — CDTs, 1,3,4,6,8-penta-CDT possesses the lowest valtie3sf
and 1,2,3,4,9-penta-CDT possesses the highest corresponding
4509. 161, — 459. - .
59.598181; — 459.59838|, (8) value, where the discrepancy of them is 78.751dl L. In the

R2=1.0000 SE=0.00564 same way, the\;G’ of 2,4,6,8-TCDT is lower than those of
the other 37 isomers, whereas 1,2,8,9-TCDT is higher than those
G?/hartree= —860.19454— 459.59088l, — 459.600001, — of the other 37 isomers, where the discrepancy of them is

459.6014N, — 459.601561, (9)  83:62 kimol™. _ _ _
For the PCDT compounds in each isomer group, the isomer

R?=1.0000 SE=0.00577 with the lower relative standard Gibbs energy of formation is
relatively stable, whereas that with the higher relative standard
whereR? is the squared correlation coefficient and SE is the Gibbs energy of formation is unstable. Thus, the relative stability
standard error. From eqs 6 and 7, the conclusion can be ob-of each isomer group can be determined, and the most stable
tained that¥’ decreases with an increase N, whereasC’ isomer and most unstable one are listed in Table 3.
is not related to the number of relative positions for these  As can be seen from Table 3, the most unstable isomers in
Cl atoms. Similarly, in view of egs 8 and 9, it suggests that the \jcDTs, DCDTs, tri-CDTs, TCDTS, penta-CDTs, hexa-CDTs,
H? and G’ of PCDTs obviously vary with the chlorine sub-  and hepta-CDTs are all those with chlorine being attached to
stitute at different positions, in which the order of increase of 1 9 simultaneously. On the contrary, the chlorine atoms in the
theH? andG’ values is position 4 position 3> position 2> most stable isomers are distributed at two aromatic rings, and
position 1. _ y the substituent groups are relatively far away from each other.
Calculation Results ofA{H? and A¢GY and Relatve Stability For MCDTSs, the 3-MCDT is the most stable, whereas the
of Isomer GroupsWith the design of isodemic reactionts;H? 1-MCDT is the least stable with a difference of 9.32rkdl-1
andAG? of PCDTs were obtained. On the basis of the lowest i their energy values. The 2- and 4-MCDT isomers are less
AfGY of isomers with the same numbers of substituents, the staple than the 3-MCDT isomer by an amount of 0.23 and 2.27
obtained relative standard Gibbs energies of formation are also j.mg|-1, respectively. For DCDTSs, the 3,7-DCDT is the most
listed in Table 2. Table 2 shows that the valuesAgfi’ and stable, whereas the 1,9-DCDT is the least stable with a
AG? are different from each other because their substituent gitference of 61.54 kinol-1. Similarly, the 2,4,7-, 2,4,6,8-,
positions of chlorine are different. Among 28 isomers of penta- 1 3 4.6.8-, 1,3,4,6,7,8-, and 1,2,3,4,6,7,8- are the most stable
Table 3. Most Stable and Unstable Isomer in Different Isomer isomers with differences of 7_3.02, 83.62, 78.75, 70.44, and 54.91
Groups for PCDTs and PCDFs kJ-mol~1 to the least stable isomers 1,2,9-, 1,2,8,9-, 1,2,3,4,9-,
1,2,3,4,8,9-, and 1,2,3,4,7,8,9- for tri-CDTs, TCDTSs, penta-

substance most stable isomer most unstable isomer CDTs, hexa-CDTs, and hepta-CDTSs, respectively. The chlorine
'\é'ggTT 3733 .. 11'9_ substituent at positions 1 and 9 synchronously seems to
ti-CDT 24,7 120- destabilize the isomers, and the resulting steric effect may be
TCDT 2.4,6,8- 1,2,8,9- one of the important sources of the relative instabilities of the
penta-CDT 1,3,4,6,8- 1,2,3,4,9- PCDTs apart from the associated electrostatic effects.
hexa-CDT 134678 1234809 In addition, we have compared the most stable and unstable
hepta-CDT 1,2,3,4,6,7,8- 1,2,3,4,7,8,9- . ; . )

MCDE 2.3 4- isomer of PCDTs with those of PCDFs (listed in Table 3). From
DCDF 1,7- 1,9- Table 3, the conclusion can be obtained that the most unstable
tri-CDF 1,3,7- 1,2,9- isomers are consistent in two congeners except isomers with
TCDF 13,6,8- 1289 one chlorine atom, whereas the most stable isomers are
EZQ;"’_“CCDDFF igiggg iggigg consistent only for isomers with one, five, and seven chlorine
hepta-CDF 1,2,3,4,6,7,8- 1,2,3,4,7,8,9- atoms. This is because the radius of the sulfur atom for PCDTs

is larger than that of the oxygen atom for PCDFs, which makes

Table 4. Calculation Data of St,m, Cpm, Ao'Hm/T, and Ao'Gn/T for MCDTs 2

JFmol~ K1 Fmol LK1

compound temp  Cpm Srm Ag™HW/T  Ad'GWT  compound temp  Cpm Srm AcTHWT  Ad"Gw/T
1-MCDT 200 132.09 365.77 290.59 445.72 3-MCDT 200 132.55 367.10 291.53 447.25
300 194.35 431.20 326.58 430.01 300 194.71 432.69 327.68 431.50
400 249.39 494.90 360.75 438.32 400 249.60 496.47 361.96 439.82
500 293.55 555.49 393.70 455.75 500 293.65 557.10 394.98 457.27
600 327.92 612.18 425.44 477.15 600 327.97 613.80 426.78 478.69
700 354.84 664.83 455.92 500.25 700 354.87 666.45 457.30 501.80
800 376.31 713.66 485.12 523.91 800 376.34 715.29 486.54 525.47
900 393.75 759.02 513.07 547.54 900 393.78 760.66 514.50 549.11
1000 408.13 801.28 539.80 570.83 1000 408.16 802.91 541.26 572.40
2-MCDT 200 132.56 366.88 291.42 447.03 4-MCDT 200 132.31 366.26 290.69 446.26
300 194.70 432.48 327.54 431.28 300 194.36 431.74 326.83 430.54
400 249.57 496.24 361.80 439.60 400 249.27 495.41 361.06 438.85
500 293.61 556.86 394.81 457.05 500 293.38 555.97 394.05 456.28
600 327.93 613.56 426.59 478.46 600 327.75 612.63 425.81 477.67
700 354.84 666.21 457.11 501.57 700 354.70 665.26 456.30 500.75
800 376.31 715.04 486.34 525.24 800 376.21 714.07 485.51 524.40
900 393.76 760.40 514.30 548.88 900 393.68 759.43 513.46 548.03
1000 408.14 802.66 541.04 572.17 1000 408.09 801.67 540.19 571.30

aWhereSr,m is molar entropy af; C,m is molar heat capacity at constant presstvgHn/T is an average thermal correction to molar enthalpy between
0 andT; and Ao"G/T is an average thermal correction to molar Gibbs energy between U.and
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Table 5. Correlations of Structural Parameters with Npcs for PCDTs?

eq descriptor constant N1 N2 N3 Ny No Nm Np N1, R2 SE

11 Vi 134.58 11.89 12.11 11.84 12.11 — - — - 0.9775 2.644
12 o 137.28 12.08 14.02 15.98 12.70 - - — - 0.9985 0.765
13 Enomo —0.2165 —0.0025 —0.0048 —0.0077 —0.0049 0.0017 — - 0.9789 0.0009
14 ELumo —0.0399 -—0.0057 —0.0073 —0.0062 —0.0065 — - — —0.0051 0.9847 0.0013
15 u 2.8380 - —0.5673 —0.8033 - 0.5050 - 0.7223 - 0.2650 0.802
16 gH" 0.1615 0.0064 0.0109 0.0107 - —0.0087 — — - 0.1448 0.0166
17 gt 0.2314 - — 0.0100 0.0244 — 0.0076 — - 0.4400 0.0266
18 q -0.1899 - - - 0.0141 - - — 0.0069 0.5951 0.0088

aWhereR? is the squared correlation coefficient and SE is the standard error.

the distances close between 1 and 9 carbon atoms for PCDTs. Relations of Structural Parameters and fds The depen-
Consequently, the repulsion effects of Cl atom substituents atdence of PCDTSs’ structural parameters on the number of
the 1 and 9 positions increase. So, the isomer with the 1 positionchlorines was also investigated. Using the GQSARF2.0 program,
substituted by the chlorine atom is more unstable than thosethe correlations of structural parameters withesfor PCDTs
with the 2, 3, and 4 positions substituted by the same atoms.are shown in Table 5. As we anticipated, good correlations are
For instance, the distance between the Cl atom substituent atfound between some structural parameterso(, Eromo, ELumo)

the 1 position and the C atom at the 9 position is 3.2950k
1-MCDT, which is shorter than that of 1-MCDF (3.53E)A
And the distance of the ClI atom substituent at the 1 position
and the H atom substituent at the 9 position (2.569 f&r
1-MCDT is also shorter than that of 1-MCDF (2.919)AIn
addition, the distance of Cl atoms (3.139)4or 1,9-DCDT is
shorter than that of 1,9-DCDF (3.253)Awhereas the distance
of C atoms at the 1 and 9 positions is 3.458fér 1,9-DCDT
and is also shorter than that of 1,9-DCDF (3.633).A

Values of G.m, Srm, Ac"Hm/T, and Ag"G/T for MCDTSs at
Various TemperaturesThe values oy m, Sr,m, Ao"Hn/T, and
Ao"G/T for MCDTs at various temperatures, to our knowledge,

and Npcs As seen from Table 5R2 values ofV;, o, Exowmo,
andE_ymo are larger than 0.97. Obviously, molecular volume
increases with the increasing number of substituent chlorines;
i.e.,V; is in direct ratio toNpcs o has a high correlation with

Vi and is in direct ratio td/;, which explains thaé is in direct

ratio to Npcs (seen from Table 5). Sovi, o, Enomo, ELumo,

and thermodynamic parameters can be accurately calculated by
Npcsobtained from the molecular structure. At the same time,
Table 5 also shows that the correlations betweegH™, g7,

g-, andNpcs are low (allR? values are smaller than 0.6).

Conclusion

have not been reported. So, we have also calculated the values The fully optimized calculation of 136 PCDTs was carried

of Coms Sr.m Ao"Hm/T, andAg"G/T at (200 to 1000) K, which
are listed in Table 4, wher8rn is molar entropy af/K; Cym

is molar heat capacity at constant presstvgHq/T is specific
thermal correction to molar enthalpy; and"G/T is specific
thermal correction to molar Gibbs energy.

From Table 4, the following conclusions can be obtained:
(1) For four isomers, 2-MCDT has the largest valueGyf
(132.56 Jmol~1-K-1) and 1-MCDT has the smallest value
(132.09 Imol~1-K~1) at 200 K, the difference of which is 0.47
Jmol~1-K=1; 3-MCDT has the largest value (408.16dI K1)
and 1-MCDT has the smallest value (408.0e0dI-1-K~1) at
1000 K, the difference of which is only 0.07ndol"%-K~1, In
general, the values &, for four isomers are close at the same
temperature. (2) From 200 to 1000 K, 3-MCDT has the largest
values forSrm, Ao"Hn/T, and Ag'G/T and 1-MCDT has the

smallest values; the difference of both is (1.33, 0.94, and 1.53) @)

Jmol~1-K~1 at 200 K and (1.63, 1.46, and 1.5Fmbl 1-K~1
at 1000 K, respectively. The values of the difference slightly
increase as temperature increases.

Correlation Matrix of Parameters for PCDTs.Pairwise

correlation between structural and thermodynamic parameters
of 136 PCDT compounds was determined with the least-squares

method. The results show that thermodynamic propertids (
G, C%, ¥) have high correlations withf;, Ejomo, ELumo, and

o, respectively (the absolute valuesroére larger than 0.95);
the correlations betweeq®, q-, and these thermodynamic
properties are low (the absolute valuesraire between 0.69
and 0.89, whereas the correlations betwger, «, and them

are lower; the absolute values ofare less than 0.50). As

discussed above, the high correlations between thermodynamic

properties andNpcs were found, which suggest structural
parameters may relate witbcs So, we discuss the correlations
in the following.
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