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Abstract The structural and thermodynamic properties of 75 polybrominated
5,10-dihydrophenazines (PBDPs) in the ideal gas state at 298.15K and 1.013 x 10° Pa
have been calculated at the B3LYP/6-31G* level using the Gaussian 03 program. The
isodesmic reactions are developed to calculate the standard enthalpy of formation
(A H?) and standard free energy of formation (A;G?) of PBDP congeners. The rela-
tionships of these thermodynamic parameters with the number and position of the Br
atom substitution (Nppg) are discussed, and it is found that there exists a high cor-
relation between thermodynamic parameters and Npps. In addition, the correlations
between structural parameters and Npgg are discussed. High correlations were found
between the energy of the highest occupied molecular orbital (Egomo), the most neg-
ative atomic partial charge in the molecule (¢ ~) and Npgs, and all R? values are larger
than 0.90.
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1 Introduction

5,10-dihydrophenazine (DHP) is an organic molecule known to be a good electron
donor [1], which is observed from the reaction of phenazine with NayS,04/H0. (The
structure and atomic numbering are schematically depicted in Fig. 1.) Dihydrophen-
azine and derivatives reveal properties with a wide range of significant applications. In
terms of the numbers and different positions of the bromine atoms, there are 75 possible
structural patterns of polybrominated 5,10-dihydrophenazines (PBDPs). It is impor-
tant to recognize the structural and thermodynamic properties of PBDPs for studying
their generation, degradation, and potential environmental risk. Many research studies
have been reported on DHP in recent years. For example, Zubiri et al. [2] studied the
reaction of 5,10-dihydrophenazine with two equivalents of Phy PCI. On a similar note,
Taniguchi et al. [1] studied DHP geometries of the donor-radical models optimized
with the doublet states by B3LYP/6-31G*. Inzelt and Puskas [3] have studied the
electrochemical transformations of phenazine at a gold electrode in aqueous acidic
solutions. It was found that phenazine exhibits two successive one-electron reduc-
tion steps in acidic media, the second electron transfer in dilute phenazine solutions
results in the formation of DHP in HCIOg4, which desorbs from the electrode surface.
Uehara et al. [4] employed eight dihydrophenazine derivatives for the study of electron
transfer in the interface of an organic two-layer diode. However, there is hardly any
research concerning the thermodynamic data of PBDPs.

In previous investigations, the thermodynamic data of polychlorinated dibenzofu-
rans, polychlorinated dibenzo-p-dioxins, polychlorinated biphenyls, polychlorinated
naphthalenes, and polybrominated naphthalenes [5-9] have been calculated. It was
found that the isomers with reduced free energy have a high ratio of formation, i.e.,
the ratios of formation for isomers are consistent with their relative stabilities.

In the present study, 75 PBDPs were fully optimized at the B3LYP/6-31G* DFT
level of theory. The correlations of structural and thermodynamic properties with the
number and position of Br substitution (Npgs) are discussed. By design of a series
of isodesmic reactions, the standard enthalpies of formation (A H%) and the standard
Gibbs energies of formation (A G?) of 75 PBDPs were obtained.

2 Computational Method

All calculations were carried out with the GAUSSIANO3 suite of codes [10]. The
geometries of all PBDPs were optimized at the B3LYP/6-31G* level of theory, and fre-
quency calculations were performed to ensure that the species are minimum structures
along the potential energy surface. We have calculated other systems using B3LYP

Fig. 1 Molecular structure 9 H 1
and atomic numbering of N
5,10-dihydrophenazine (DHP) 8 2
7 3
N
6 H 4
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[9,11,12], and the results indicate that B3LYP is acceptable, so the B3LYP model was
used in this study.

The polarizability of a molecule («) is a measure of its ability to respond to an
electric field and to acquire an electric dipole moment. Strictly speaking, it is a tensor
quantity that relates changes in the three-dimensional electron density distribution of
the molecule to the strength of applied electric fields. In a coordinate system which
is placed at the origin of the molecule, only the three components ay, ayy, and o,
which reflect perturbations in the x-, y-, and z-coordinates, are unique. They increase
with the size of the species either by an increase in the number of electrons or by an
expansion of the molecular radius.

Other structural descriptors, the dipole moment (u), energy of the highest occu-
pied molecular orbital (Egomo), energy of the lowest unoccupied molecular orbital
(ELumo), most negative atomic partial charge in the molecule (¢ ™), most positive
atomic partial charge in the molecule (¢™), and the most positive partial charge on
a hydrogen atom (¢H™), are obtained directly from the Gaussian output files in this
work. All of the charges were derived from the Mulliken partition.

Thermodynamic parameters, standard enthalpies (H 9y, standard Gibbs energies
(G?), standard entropies (8?9), standard heat capacities at constant volume (Cf ), and
thermal corrections to energy (qu) are also obtained from the Gaussian output files.
These thermodynamic parameters were calculated in the gaseous state at 298.15 K
and 1.013 x 10° Pa.

In the present study, PBDP isomers with one to eight bromine atoms are represented
by the notation MBDP, DBDP, Tri-BDP, TBDP, penta-BDP, hexa-BDP, hepta-BDP,
and OBDP, respectively. The numbers of the positions of the Br substitution (Npps)
are defined as follows: the number of Br atoms at positions « (1, 4, 6, and 9 being
a positions) and B (2, 3, 7, and 8 being B positions) are defined as N, and Ng; the
pair of numbers of ortho, meta, and para positions in which two bromine atoms are
located on one benzene ring are symbolized as Ny, Ny, and Np, the number of bro-
mine atoms at positions 1 and 9 (or 4 and 6) synchronously is Nj g, respectively.
Isodesmic reaction 1 (Eq. 1) was designed to calculate Af H? and A¢G? of PBDPs in
this study.

5,10-dihydrophenazine (DHP) + n-bromobenzene = PBDP + n-benzene (1)

The standard enthalpy change of the reaction (A, H?) is equal to the sum of the stan-
dard enthalpies of the products obtained from DFT calculations minus the sum of the
standard enthalpies of the reactants:

0 0 0 (4 0
ATH = [HPBDP + ”Hbenzene] - [HDHP + ngromobenzene] (2)
Similarly, Eq. 3 also yields A, HY:

0 0 0 0 0
AH” = [AfHPBDP + nAbeenzene] - [AfHDHP + nAberomobenzene] (3)
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Thus, the following equation can be obtained from Eqgs. 2 and 3:

0 _ 6 0 6 6 6
AfHpgpp = Hpppp + 1 Hpensene — "Hpromobenzene — Hpup — Af Hyenyene
6 0
+nA¢Hyromobenzene + At Hppp 4)

Similarly, AfGYppp could be obtained from
0 0 0 % 0 0
AfGPBDP = GPBDP + nGbenzene - nGbromobenzene - GDHP - nAbeenzene
% (%
+nAberomobenzene + AfGDHP (%)
To obtain Ag HSHP, the following equation was used:

12C + 10H + 2N = DHP (6)

The following equations are employed to calculate the absolute internal energy (U),
enthalpies (H), and Gibbs energies (G) of the molecule at 0K and the specified tem-
perature (7') [13]:

Uok = Eelec + EzPE (7
Ur = U + (Etrans + Erot + Evib) T (8)
3
= (Eelec + EzpE) + [ERT + RT

3N -6 1 1
+R Z (hv/k) [5 + W”

i=1
Hr = Ur + RT &)
ArHO(M,0K) = ZfoHO(X, 0K)— Z Do(M)
= > xAtHO(X,0K) — [ZxU(X, 0K) — UM, OK)] (10)
AfHO(M,298K) = AfHO (M, 0K) + [H(M,298K) — H°(M, 0K)]

_ZX(Hz%K_HoK)X (1D

. . . . 0 .
Similarly, Eq. 12 was designed to obtain A¢Gpyyp:

N2 + 12Cgraphite) + SH2 = 5,10-dihydrophenazine (DHP) (12)

So
AS® = Shyp — Sk, — 128¢ — 584, (13)
AfGQDHP = ArngHP - TAFS]%HP (14)

From Eqs. 6-14, A¢ HYp is —212.03 kJ-mol ~! and A¢GY;p is 400.50 kJ-mol ~!.
The experimental values of Af H ? and Ay G? for bromobenzene and benzene are listed
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Table 1 Thermodynamic data used for calculating Af H ¢ and AtG ¢ of PBDPs

Number Formula or AfH o AfG9 HY G*? s?
name (kJ - mol~1) (kJ - mol_l) (Hartree) (Hartree) (@ -mol~!l.K 1
1 Benzene 82.94 129.72 -232.142  -232.173 -
2 Bromobenzene  105.02 138.5% -2803.256 -2803.293 -
3 DHP —212.03b 400.50¢ -572.605  -572.651  414.40
4 Graphite (C) 02 - - - 5.74%
5 Njp 02 - - - 191.512
6 Hydrogen (Hy) 02 - - - 130.57°

2 Data from Ref. [15]
b Data from Eq. 11 calculation
¢ Data from Eq. 14 calculation and other data from B3LYP/6-31G* calculations

in Table 1, including the values of H 9 and G? calculated at the B3LYP/6-31G* level
for these compounds. At the B3LYP/6-31G* level, the mean absolute deviation of
calculated thermochemical quantities from experiment for a variety of compounds is
33.05 kJ - mol~! and the standard deviation is 39.75 kJ - mol ! [14].

3 Results and Discussion

All of the structural and thermodynamic properties, with Npgs of the PBDPs, calcu-
lated at the B3LYP/6-31G* level, are listed in Table 2.

3.1 Geometry of the Molecule

The geometries of all PBDPs were optimized at the B3ALYP/6-31G* level of theory, and
the molecules are almost planar (the geometry of the molecules is shown as follows
where D is the dihedral angle for four marker atoms) (Fig. 2).

3.2 Comparison of the Calculated Results at Different Levels

s?, th, C?,, H?, and G? of the DBDPs were also calculated at the HF/6-31G* level,
and are listed in Table 3. As seen from Table 3, the differences of H? and GY between
the calculated results at the two different levels were small, but those of S?, Egl,
and Cf, were large. Based on this comparative analysis, the B3LYP/6-31G* level is
acceptable because the precision of the B3LYP/6-31G* method is higher than that of
the HF/6-31G* one.

In addition, in order to further validate the precision of the method, we have calcu-
lated some thermodynamic data of halogen aromatic compounds with experimental
data, using the same method. The calculated thermodynamic parameters and experi-
mental values are listed in Table 4. As seen from Table 4, the following conclusions
can be obtained: 2,2’-DCB, thiophenol, and 1,2-DCB possess the largest discrepancies
of AfH?, 8%, and A¢G? with values of 17.0 kJ - mol~!, —=3.1J-mol~! - K=, and

@ Springer



Int J Thermophys (2009) 30:1875-1890

1880

0O 0 0 I ¢ I 9’6l ISLyy 8S6€I— ¥0098T8— €¥6'S8T8— 6SI'EES 990°CEC OVEL9Y  ¥¥L L10T ¥TPE LTT80— SLLIO— 8T
00 0 I ¢ I 9061  II'Lvy S8'6EI— ¥0098T8— €¥6'S8T8— LTOCES OTITET vPELIY  SPL  +'E€61  1°€SE TLT80— 6LLI0O— LTI
o0 o0 1 I ¢ 66Tl YO'IYP TSOYI— 90098T8— 9¥6'S8T8— €LSTES 60V 1€C 1T9L9%  8'€L LLIT ¥91€ 09T8°0— OLLI'0O— 9T
o 1 I T I ¢ SS9 09vby 68TPI— S00'98T8— Pr6'S8T8— 0TS 1S ILET1ET I¥9L9Y  ¥'EL S6TT L'90E L8T8O— 6SLI'0— VT
0O 0 I ¢ T 1 60°0€  €I'SSP 8T'6TI— 0009878— 6£6'S8T8— €90°CES 8LO6TEC SITL9Y  €€L +'60T TTEE ¥8T80— PSLI'O—  €T1
ddg-uL
0O 0 0 0 ¢ O ILTT SE8Ch 81'991— 888 VILS— I€8VILS— 08096y TERSIT €5S°68Y S99 €0LI €9C¢ 0v08'0— CYLI'0— 8C
0O 0 0 0 ¢ O P11 SO'8Cy 9¢€991— 888VILS— €8 VILS— 697967 196°CIC Tev'68y  6'S9 P9l  6°¢€E S€080— €vLI0— LT
o0 0 1 ¢ 0 8C0C  T69Ey ST8SI— P88 VILS— 8T8VILS— 0c€6'cor LICSIT S6568y  1'69 9GLI  S9l¢ 8S08'0— CCLI'0O— €T
I o 0 0 0 ¢ LET  T08IY 8V'LLI— T68VILS— 9E8VILS— T¥8Toy 087 ¥ICT 08006 O0¥9 ¢€60C €79C 8Tr8'0— VILI'0O— 61
o0 0 0 I I 179 C8CCr SETLI— 068 VILS— PE8PVILS— 1C8¢€6y CTIOCIC 1.8687 €69 8161 07T6C LI9I8°0— €ELI'0— 81
o0 0 0 I I $09 89Ty 19CLI— 068 VILS— PE8VILS— OFS'covy OL6VIT CT68'68Y €S9 T8I  L'96C 0€180— LELI'O— L1
0O 0 0 0 0 ¢ 000 991y OI'6LI— TO8VILS— 9E8VILS— €l10Coy CIEvIT €CC06y 919 9vIT +76SC 0818'0— STLI'0O— 91
o1 0 0 0 ¢ €S'T  LIBIY OCLLI— T68VILS— SEBVILS— 8E6'COV LotVIC G806y  CTV9 S19C ¥SIT 9ST80— €ILI0— !
o0 1 0 I 1 P68 8I'STY LI'OLI— 688VILS— €E8VILS— PhEeoy 666VIC 9V8687  ¥'S9 P'e6l  6'16C CEI80— IELI0— €1
o0 o I I I IV'ST SOCEy S8E9I— 988 VILS— 0e8VILS— 66V I6Y 68SYIC STL'68Y  9V9 S¥81  1°L6C 1918°0— 90LI'0— Tl
ddagd
o 0 0 0 I O LSS L6ElY L9°68I— OLL'EVIE— BILevIe— 99¢°¢Sy 910861 €I0OCIS  S9S TPSI  TO6LT 9¢6L°0— IL910— [4
0O 0 0 0 0 I 000 OV'80v L8S6I— CTLL'EYIE— OCL'evIe— €STISYy <TeeLel 0I€TIS  §6C 6181  LOvC LSO80— 1991°0— 1
dadin
0O 0 0 0 0 O 0S°00% €0CIc— 1S9TLS— S09CLS— YOV 11 LYE081 ¢€6EveES  TOF  S'Ivl  $'TET 8S8L'0— 06S1°0— dHd
G- (A
fLoE :LoE :LoE Cp=low - _jow A_LoE (nsa (nso (nso
‘o) ) o) (eeney)  (eenm) ) ‘D PD e 0D g0 o 0D @ (a9
OIN v Wy o IN PN oy piv HIV o) oH oS 49 wy Py My xp _b OWOH7 3[nodjoN

Sdd j; pue suonenoed I Woly sgqdd Jo sioourered orueuApowiIoy) pue [eInonng g dqeL

pringer

as



1881

Int J Thermophys (2009) 30:1875-1890

00 I 1T T ¢ 8€'61  8T6SY 1€611— €CI'LS80I— LSO'LSSOI— 1€8°ELS 690°6VC ¥66vvy  T€8 ¥I¥C T8SE 19€8°0— 0£81°0— 89C1
00 0 ¢ T ¢ €8°ST  EL°S9Y 09°€IT— OCI'LS80I— SSO'LSSOI— O9VEILS ¥SP'8YT 690°Sty 8T8 9TTT 6'ELE 91€8°0— ¥ISI0— LOTT
I 1 1 1 1 € STSI  vI'SSy TL'ETI— ¥C1°LS801— 6SO°LSSOI— 116°CLS TI1'8YT Svb'Sty  0T8 0'L9T S61€ 9€98°0— 1181°0— 6+T'1
o1 I I T ¢ 8¢°0C  8T09y S8LIT— TCI'LSSOI— LSO'LSSOI— ¥STSLS vhO'6YC €LOSYY  6T8 O'EYT 06SE ¥OP80— €281°0— 8+T1
o1 I I T ¢ €€°0C  TTO9Y CO'8IT— TTI'LSSOI— LSO'LSSOI— ¥LO6VLS €TO'6VC 111'Shy  6T8 1'SET  6°L9€ €TV80— €T81°0— LYT1
rr 1 1 1 ¢ 61°ST  80°SSY 89°€TI— ¥TI'LSS0I— 6S0°LS80T— TI6CLS TEI'SYT ¥OV'SPy 0TS §LST TOLE 6€98°0— 1181°0— 9FT'1
I 0 I ¢ T ¢ €76 TE69Y 88°601— 611°LS80I— ¥SO'LSSOI— TSLILS 9SL'SYT 9T8¥vy  0T8 6'€YT 0°LPE 0LS80— OISI'0— 6°€T1
00 I ¢ ¢ 1 19ve  0SPLY 8TYOI— LIT'LS801— TSO'LS80I— 8SI'ELS SLY'6YT €8Sty  TE8 €TCT 6°€8€ 1€€8°0— ST8I'0— 8'€TT
00 I ¢ ¢ 1 rYE  1E€VLY 6V P0I— LIT'LS80T— TSO'LS80T— 8OI'ELS 96V'6YC ¥SSvyy  €€8 TTLT 1°68€ 01€8°0— 9281°0— L'ETT
00 I ¢ T ¢ TT8C  11°89% LI'TTI— 611°LSS01— ¥SO'LS80T— 88Y'ILS S8E9'SYT LLO6VWY ST 6°L¥C SSPE 0LES0O— LISI0— 9°€TT
01 T ¢ T ¢ 6L0F  89°08F L¥'86— ¥I1'LSSO1— 0SO'LS8OI— ¥TO'ILS LYO'SYT 9¥Styy  TIS 9SHT +'8FE 19¥8°0— 8LLI'0— ¥'ETT
ddd.L
00 01T ¢ 0 S8¥YC  68°TSY SL'EEI— T0098T8— 1¥6°S8T8— S99vES TSLTET SII'L9y  TSL 9'881  +'L9€ 0608°0— L6LI'0—  LET
00 0 1 ¢ 1 vS8L 659y I¥OVI— ¥00'98T8— €¥6'S8T8— €6V'EES 6TTTET TEEL9Y  TYL €TIT 80LE T9T80— S8LI0—  9€ET
o1 0 0 I ¢ 09°S  v9EEr SI'ESI— 60098T8— SY6'S8T8— PEIVES 1881€C 8EL'L9Y  O¥L 89TC 1°€lE LEESO— S8LIO—  LV'1
I 1 0 0 0 ¢ 000 SO'STP 8S8SI— 110°98T8— 0S6'S8T8— O6ILVES TICTET TTOL9Y  T'€L 6TST ¥'E€LT TLSSO— TLLIO— 91
I 0 I 0 I ¢ or'L  0S'SEP LI'IST— 800'98T8— 8Y6'S8T8— S9SHES TEOTET 8SSL9Y  6'€L 9¥TT T'11€ 65¥80— S8LI0—  6°€'1
00 I 0 ¢ 1 YOTL 690y LLSYI— 900198T8— SP6'S8T8— V8T SES LYOTET ¥TEL9Y  1'SL 1€0T 6°SPE 0TT80— 1081°0—  8°€1
00 I 0 ¢ 1 YTl 8Y0by 88'ShI— 900°9878— 9¥6'S8T8— V6S'SES €¥9TET 19€°L9%  1'SL  €60T 80FE 61780~ 0081°0—  L'ET
0O 0 I 0 I ¢ LE9  I¥YER €STSI— 600°98C8— 8r6'S8T8— LS9EES 068 1€C ¥S9L9Y  €¥L 1°9€C  L'00E 9978°0— 16L1°0— 9°¢’l
I 0 01 1T ¢ Oyl vrThy TSPPI— 90019878— S¥6'S8T8— LLSTES €ISTIET €€SL9Y  TEL ¥'6IT 60I€ 06¥8°0— 09L10— 6C1
G (oo
A_LOE fLoE fIHoE - j—low - _fow A_LOE (nsa (nsa (nsa
D) L)) D (sdm1eH) (sdmreH) 1) 0D D ge—01) gg—0D) 0D (©) (A9)
OIN v Un oN IN PN oIy oIV HIV o) oH oS 40 Wy T &y _b OWOHg a[nosjoly

ponunuod

TOIqBL

pringer

as



Int J Thermophys (2009) 30:1875-1890

1882

I 1 1 T T ¢ YEEL  68°6LY 9T06— SETYTYEI— S91'STYEI— 6VTPI9 981°S9T 908°Cch 016 S19T  €68€ 00L80— €S81°0— L9V TT
I 0 1 ¢ ¢ ¢ YT8T 6LV  609L— €ETYTYEI— €91'8TYElI— VISTI9 9LL'S9T L81'CTh  1'16 0°0ST 9€0¥ TT980— TS81'0— 6'8°€T1
I 0 ¢ T ¢ ¢ €0'1C  6SL8Y ¥TT8— SET8THEI— SOI'8TYEI— STE'SI9 L8E99T TITTLY  S16 68SC 6'10F £L98°0— 8981°0— 6°L°ETT
00 I ¢ v 1 YrTe  66'86Y €T IL— I€TTYEI— 191'8Trel— 010FI9 0€9°99C 8L0TTy 816 ¥EVT 89Ty €9¥80— 8981°0— 8LETT
I 1 1 ¢ T ¢ SLEL  1€08y  09°68— 8€T'8THPEI— 891°'8THEI— 980°S19 0LE'SIT €99TCY 606 L18T 9°S9€ ¥858°0— 1981°0— 6°9°CC’1
0 0 ¢ T ¢ ¢ €00C 8L98Y LTE8— 9€T8THEI— 991'8TVEI— €9S¥I9 S6T99T 9IETLY 816 S€9T 0'86€ LIPS0~ SL8I'0— 8°9°CT'T
00 I ¢ ¢ ¢ 0v'9T  96T6Y 9L LL— €ETYTYEI— ¥9I'STYEl— 8SETI9 098°S9T T9TTTy €16 1°€ST LSOV LLYS0— ¥S81°0— L'9ETT
0O 1 ¢ ¢ ¢ ¢ SEIE  06'L6Y  €I'€L— 1€T8TPEI— TOI'STYEI— 8OCTI9 L68S9T 8TOTLY €16 08ST 6007 SEV80— TS8I'0— LY ETT
I 1 T ¢ T ¢ 99vC  TTI6V  08'8L— VETSTYEI— YOI'STYEI— LO69VI9 9€TSIT 80€TTY 006 STST  L'19€ ISL80— PEBI'0— 9V E Tl
ddd-eiusd
00 0T v O €79 TEILY TTT01— 9I1°LSSOI— 1SO'LSSOI— €€ELLS TLEOST SLSHY  €€8 L'60T Ty €0€8°0— SE8I'0— S°LET
o1 0 1 T ¢ 6V'LT  6€°LSY YEOCI— €TI'LS801— 8SO'LS8OI— TOL'9LS vCI'6VC TETSPY  9TS ¥'6vT TISE TOSS0— 6281°0—  SLY'I
¢ ¢ 0 0 0 Vv 000 686y L9LEI— OE1°LS8OI— ¥90°'LS8OI— OVT'LLS TLY'LYT 9L8'SKy  L'18 67T6C +'98C 6088°0— 6181°0— 691
I 0 ¢ 0 ¢ ¢ LLTL  L9TSY 80VCI— STI'LS80I— 6S0°LS801— SI008S €L6'6YC 9S6'vby  6TS  O'SYT  T09€ 1§98°0— 9€81'0—  6°LEl
o0 I T ¢ 1 8EVYC  LTYIY OI'€IT— ITI'LS80I— SSO'LS80I— 616°'LLS 8TI'0ST 8SLvby  €€8 6LTT 678E LTr80— 6€81°0— S§°LEl
I 1 1 0 I ¢ 019 009vF OF'T1€I— 8TI'LSS8OI— TOO'LSSOI— T€8'LLS VIS SYT L8ESHY  9T8 69T TITE 6998°0— €€81°0— 69°€T
00 ¢ 0 T ¢ 9€Tl  STTSY YI'STI— STI'LS8OT— 090°LS80T— SISLLS 9LL'6YT OI0SPY  S€8 ¥'SYT  6'8SE LIVS0— LY8I'0— 89°¢l
I 0 0 ¢ T ¢ SY'LT  ¥EL9Y 09'TI1— OTI'LSSOI— SSO'LSSOI— €VOTLS PEYSYT €68 Py  1C8 TOLT TI9E €LS8°0— TOST0— 68T
I o I 1 ¢ ¢ 70T 0€09% T6'LIT— TTI'LS80I— LSO'LS80I— 8TO'SLS 981'6VC SE6FVY  9T8 66T S'89¢ 9868°0— T8I0~ 6°LT1
00 0 T ¢ 1 ¥6'1€ €8 1LY €6'901— ST1°LS801— €S0°LS80I— I¥T'ELS 99T'6VT 9TLYYy  ¥'€8 6'81T S98€ ¥1€8°0— 8T81°0— 8LT1
I 1.0 1 I ¢ 9TEl  9I'€Sy 8€'STI— STI'LS8OI— 090°LS80I— 666°€ELS €0T8YT LSESPy  TTS 8§'€ST  STEE 8198°0— 9I81°0—  69T1
G (o
A_I_OE A_LOE ATEE - plow - _jouw ATEE (nsa (nsa (nsa

D L)) D (9om1eH) (som1eH) 1) 1) D =0 ¢e—01) oc—0D) (©) (A9) )

OIN v Wy oN IN PN ¥oiv oIV HIV o) oH oS 49 wy P po xvp _b OWOHg  snosjoly mo

o

ponunuod g Jqel,

As



1883

Int J Thermophys (2009) 30:1875-1890

TT v 9 v ¥ ITELS  T0VCELSTPIIC— I6V V11T T¥6°0CL YS8PIE LLYPSE 1911 ¥'SPE  +'SLY S888°0— 0S61'0— 6'8'L9VET'T
dago
T T €V €Y 000 I€€ES SETT— SIY'0LS8T— 98E'0LSSI— 68€°069 TOC'S6T 9LY'LLE 6LOL L'9TE 6EY 69880~ STOI'0— 6'LOVETT
I 1 €S ¥ € 6TIL 09%rS  99'8— 09v'0LS8T— I8C0LSST— ¥81°S69 9ST'66T Sv6'9LE 8LOL STIE TI9% #9880~ 61610~ 8'LOVETT
dag-edey
T T TT TV 8T0 16'S6F €599~ SSE'666S1— 18T666S1— ¥rTTSY L8EIST ¥I900F 966 0TIE S16€0588°0— 86810~  6'89T1
T T TT TV 000  +9'S6Y 65799~ 9S€'666S1— 18T'666S1— 686'TS9 SITI8T L6900v TTOE TTOE $10¥ [¥88°0— 66810~  6'L9VT1
I 0 T v ¥ T TIVT SLG6IS +E0F— 9rE666STI— 1LT666ST1— SE1'099 YLTE8T 6ES66E LYLT L¥LT 1Lyy I¥88°0— S8810—  6'8°LETT
I 1 T € € € I€IL ¥690S €6'€S— ISE666SI— LLT666SI— S6V'LS9 91¥T8T 0LO00Y  S66 961y 9'61F SESS0O— €6810—  68°9°€CTT
I 1 ¢ ¢€ ¢ € 956 61'S0S  €0'VS— TSE'666S1— LLT666S1— 6S0'€99 L8Y'TST €00°00F 966 €T6T 61TF LESY0— €681°0—  6°L'9ET']
00 T Vv ¥ T 109C V9IS TETP— 9rE666SI— TLT666SI— LOS0S9 E€V8TST LyS'66€ +001 V'8LT 1'1vy €8¥8°0— ¥0610—  §L9ETT
01 T Vv ¥ T €67 LSOTS SL6E—9PE666SI— ILT666SI— Y6E6S9 SITEST €1S66€ 66 €6LT LYY TILE0— S8810—  SLYETI
T T T €T ¥ 8L0L I¥'90S 0€LS— ISE666S1— 8LT666SI— L66'LY9 SITIST 1¥T00F 066 1'91€ S08ESH880—8881°0— 694 €T]
I 1 €€ € € 1€ST v60IS 9805~ 0SE'666STI— SLT666ST— 66€+S9 TOITST SEL'66E 66 ¥'96T 9'LIY6£88°0— 16810~ 89V ETT
I 1 T v € € €50T 9I'9IS 80'Sh— 8rE'666ST1— €LT666ST— SITIS9 TOI'TST 9SL'66E 686 TI8T V'ETH ¥E880— TL8I'0O—  L'OV'ETT
dag-exeH
I 1 1 T T € 89€l €T087 S6'68— 8ETSTHEI— 89I'8THEI— LSI'PI9 191°'S9T 908°TTY 606 STLT 99LE SOLS0— 1S81°0— 6’8l
I 1 ¢ 1 T ¢€ LTL  €8ELY  18°S6— OVT8TYEL— ILI'STYEI— €L6'SI9 €IL'S9T €PLTTy  L'16 I'YLT TOLE 6998°0— SL81'0— 6'LYTL
01 1 T € T VU6l 6958 S9¥8—9€T8THEI—991'8THEI— SO9°€19 €¥8'SIT TTOTTY  1'T6 09T ¥'10v SS¥80— SL81°0— 8'LY'TT
(AR SR B O 000 9§99y 8TTOI— EFT8THEI— ELI'STYEL— 089819 SLSHIT STTETY  L'06 8'¥6T L 'SYE 1€88°0— 0981°0— 69Tl
I 1 21 T ¢ VL9 6TELY €6'S6— IVT8THEI— ILI'STYEI— OLELI9 SSL'S9T €6LTTY  S'16 TOST 9+LEOIL80— 1L81°0— 8°9FT1
G X
A_l_oE fLoE A_I_OE - —low - _jouwr ?IBE (nso (nso (ns?
D el ‘0D (sdemrey)  (9dmdeH) ) 0 1D ge—01) ge—01) ¢e—0T) ® Ay
CININUNONINPN UiV 0iv HIV o) oH oS 40 wg o Kpo oxop _b OWOHg Ao

panunuod g Jqel,

pringer

as



1884 Int J Thermophys (2009) 30:1875-1890

DHP  D=0.000 1-MBDP D=-0.198

1,3-DBDP  D=-0.107 1,3,6-Tri-BDP D=-0.824

1,3,7,8-TBDP D=-0.582

1,2,3,6,7,8- Hexa-BDP D=-0.540 1,2,3,4,6,7,8- Hepta-BDP D=0.000

1,2,3,4,6,7,8,9- OBDP D=0.000

Fig. 2 Geometry of the molecules
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Table 4 Difference between the calculated thermodynamic parameters and experimental values

Number Name ArH? (KJ - mol™1) S?J -mol~!. K1) ArGY (kI - mol™1)

Exp® Cal. Diff. Exp? Cal. Diff. Exp? Cal. Diff.

1 Benzene 82.9 269.3 2682 —1.1 1297 1299 0.2
2 Chlorobenzene 54.4 3135 3133 —-0.2 99.2 99.2 0.0

1,2-Dichloroben- 30.0 40.6 10.6 3415 3421 0.6 827 934 10.7
zene

3 1,3-Dichloroben- 28.1 30.0 1.9 3435 3435 0.0 78.6 822 3.6
zene

5 1,4-Dichloroben- 24.6 29.8 5.2 3367 3377 1.0 772 839 6.7
zene

6 1,1’-Biphenyl 182.1 392.7 3917 —-1.0 280.1 2803 0.2

7 2,2'-Dichloro- 126.8 143.8 170 — 461.8 - - 270.8 —
1,1'-biphenyl

8 4,4’ -Dichloro- 120.1 1256 55 — 452.5 — - 2555 -
1,1’-biphenyl

9 Benzenethiol 111.5 336.7 333.6 3.1 147.6

2 Taken from Ref. [15]

10.7 kJ - mol~!, respectively, which demonstrated the reliability of the method, so the
B3LYP/6-31G* calculation for all 75 PBDPs was chosen in the present study.

3.3 Relations of Thermodynamic Properties and Npgs

Using multiple linear regression with the SPSS 12.0 code, the correlations of E fh, HY,
and G? with Npgg for PBDPs can be obtained, and the results are presented in Table 5.

Table 5 shows that there are good correlations between th, HY GY, and Npgs.
From Egs. 15-17, it can be seen that Ey,, HY, and G? changed with Npgps. As the
substitute numbers of bromine atoms increases, values of Ey,, H 0, and G? decrease.
But the number of relative positions for these Br atoms (N, Ny, and Ny 9) has a small
effect on the values of Ey,, H 9 and GY. For example, when N, is increased by one,
Em, H 9 and G? increase by —0.205 kJ - mol~!, 0.004 Hartree, and 0.004 Hartree,
respectively. In addition, Ny, Np, and Nj 9 do not enter the correlative equation, so
they have the smallest effect on Ey,, H 9 and G?. Thus, it can be concluded that the
substitute number of bromine atoms is the primary influence on the values of Ey,, H 9,
and G?

3.4 Calculated Results of A H? and A¢G?

With the design of new isodesmic reactions, the Ay H ? and A¢G? values of PBDPs
were obtained. Defining the lowest A;G? of isomers with the same number of sub-
stituents to be zero, the relative standard Gibbs energies of formation were obtained
by the A G of other isomers minus the lowest A¢G? of isomers with the same num-
ber of substituents, which are also listed in Table 2. It is found that the values of
A¢GY? increase with an increase in the number of substituted bromine atoms. But the
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stability of the isomer becomes weaker as the values of A;G? increase. Furthermore,
the values of AfG9 are different for isomers with the same substitute numbers of
bromine atoms because their substituent positions differ. For example, among the 14
isomers of penta-BDPs, 1,2,4,6,9-penta-BDP possesses the lowest value of AfG9 ,and
1,2,3,7,8-penta-BDP possesses the highest corresponding value, where the discrep-
ancy between them is 32.44 kJ - mol~!. In the same way, AfGe of 1,2,4,6,7,9-hexa-
BDP is lower, and 1,2,3,6,7,8-hexa-BDP is higher than those of the other isomers,
where the discrepancy between them is calculated to be around 26.01 kJ - mol .
Using the SPSS 12.0 for the Windows program, correlations of A¢H? and A¢G?
with Nppg for PBDPs can be obtained, as shown in Eqgs. 18 and 19. Equations 18
and 19 clearly demonstrate that the substitute number and position of bromine atoms
influence the values of A H? and A+G?. From Egs. 18 and 19, the conclusion can be
obtained that the values of A H? and A¢G? increase with an increase in the number of
substituted bromine atoms, and the effect of Ng is important. When Ng increases by
1, the values of AfH9 and AfG9 increase by 23.666 kJ - mol~! and 15.062 kJ-mol !,
respectively. But the effects of Np and Ny g on A¢H % and A¢GY are not prominent.
So it can be concluded that Ny, Ng, N,, and Ny, are the primary influence factors on
the values of Ay H? and A;G?, and the effect of Ny, is smaller than that of the others.
N, and Ny, also have a great effect on the values of AfH  and A¢G?, and the order
of the effect is N, > Ny,. The relationships between the values of A¢H ? and AG?
calculated at the B3LYP/6-31G* level and predicted by Eqgs. 18 and 19 are shown in

50 Symbolic number of substance
- [ ]
g O .
= 16 11 16 21 26 31 36 41 46 51 56 61 66 71 /™6
= -50 s,
w s "y .
=¥ '-'-..-
o 100 A ] "
E = e ..'-l-l.-..-l-l i

f L]

g 10| ) Tetn v,
% S

X o
o -200

260 —+— Calculated at the B3LYP/6-31G* level = Predicted by Eq. 18

Fig.3 AfH 9 of PBDPs calculated at the B3LYP/6-31G* level and predicted by Eq. 18
600

&
- —+— Calculated at the B3LYP/6-31G* level »  Predicted by Eq. 19 *
— -
2 550 '
- -
3 -"i. "
i = "a ™
& 500 . TNy
@ L 4 h'
"a-_: .-.- .i ...- -i - .- . .I
g 450 m A M "
'»?__ s
< o
-
400

1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76
Symbolic number of substance

Fig. 4 At G? of PBDPs calculated at the B3LYP/6-31G* level and predicted by Eq. 19
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Figs. 3 and 4. From the figures, it can be found that the difference between them is
very small. The squared correlation coefficients R? of Eqs. 18 and 19 are 0.999 and
0.997, respectively. So the values of A¢H % and A¢GY can be predicted by the Npps
of PBDP.

3.5 Relations of Structural Parameters and Npgs

The dependence of the PBDP structural parameters on the number of bromines was
also investigated. Using the SPSS 12.0 program, the correlations of the structural
parameters with Npgs for PBDPs are shown in Table 5 (Eqgs. 20-27).

Good correlations are found between some structural parameters (¢~ and Egomo)
and Npgs. The R? values of q~ and Eyomo are all larger than 0.90. So, ¢~ and Egomo
can be accurately calculated by Npps obtained from the molecular structure. At the
same time, Table 5 also shows that the correlations between Epumo, 4, and Npps
are very low (all R? values are smaller than 0.519). R? values of gH™ with Npgs are
0.835. It indicates that the values of gH™ increase with the number of substituted bro-
mine atoms. As for a, the correlations between Npps and ay, ayy, and o are 0.961,
0.644, and 0.330, respectively, which may be related to the structure (the molecules
are almost in the same plane).

4 Conclusion

Fully optimized calculations of 75 PBDPs were carried out at the B3LYP/6-31G*
level within the GAUSSIANO3 program, and their structural and thermodynamic
parameters were obtained. By designing isodesmic reactions, the standard enthal-
pies of formation (Af H ?) and the standard Gibbs energies of formation (Af G?) were
also calculated. The correlations between structural and thermodynamic parameters
and Npps were discussed. It was found that there exist high correlations between
some structural and thermodynamic parameters and Npgs. These parameters include
Ewm, H?, G?, AtH?, A+G?, Enomo, and q-.
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