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Adiabatic ionization potentials (AIPs) and vertical ionization potentials (VIPs) for all fluorinated, chlorinated,
and chlorofluorinated ethylenes have been determined by ab initio computations. The calculated AlIPs give a
mean absolute deviation of 0.014 eV at G2 and 0.015 eV at G3 theories compared to experimental values.
We have estimated AlPs (in eV) for AIPE)-CHCI=CFCI) = 9.59, AIP (¢)-CHCI=CFCI) = 9.60, AIP
(CClL=CFCIl)=9.42, and AIP (CHFECCIl,) = 9.65. Furthermore, our calculated AIPs values of 9.58 eV for
(2)-CFCECFCI and 9.56 eV fork)-CFCECFCI are very different from the experimental data of 10.2 eV.
VIPs are calculated by Koopmans'’s theorem with HF methodology and by G2 and G3 theories. Koopmans’s
theorem fails in giving a good description of the behavior of the VIPs for fluoroethylenes. Furthermore,
significant improvement in the results is observed by the mean absolute deviation from experimental data on
the computed values (0.242 eV using the 6-BG&(3df,2p) basis set and 0.248 eV using the GTlarge basis
set, compared with 0.049 eV at G2 and 0.045 eV at G3 theories) when orbital relaxation and changes in
electronic correlation and zero-point energies are taken into account. Our estimated VIPs values calculated

by G3 theory (in eV) are VIP B)-CHCI=CFCI) = 9.89, VIP (¢)-CHCI=CFCI) = 9.90, VIP (E)-CFCE
CHF)= 10.26, VIP (g)-CFCFCHF) = 10.25, VIP (E)-CFCECFCI) = 9.93, VIP (€)-CFCECFCI) =
9.96, VIP (CC}=CFCl)=9.71, VIP (CR=CHCI) = 10.19, VIP (CHF=CCl,) = 9.96, VIP (CH=CFCI)=
10.32, VIP (©)-CHCI=CHF) = 10.16, and VIP ()-CHCI—CHF) = 10.16. Furthermore, the variation of
the VIPs and AlPs with the increase in the number of halogen atoms in the molecules presents different
patterns to chloroethylenes and fluoroethylenes.

Introduction ionization potential is equal to the negative of the orbital energy
of the detached electron. The effects of orbital relaxation and
changes in the correlation energy and zero-point energy cor-
rections at the vertical ionization potentials have been also
investigated; these aspects are neglected by Koopmans’s theorem
but are important to achieve results in better agreement with
Fxperimental one¥:11 In the vertical ionization process, the
geometry of the molecule undergoing ionization keeps the
geometry of the neutral orfe?

Instead of this, in the adiabatic ionization process, beyond
the changes in energy by the processes indicated above, the
geometry of the molecule can charig@, and the energy
necessary to detach an electron is reduced. The AIP process
can be treated as a two-step process, first the VIP process and,
after that, the second step, with relaxation of the molecular
structure and, for both, changes in the correlation and the zero-

Chlorinated, fluorinated, and chlorofluorinated ethylenes are
substances with large use in polymers, as polyvinylchloride and
polytetrafluoroethylene and recently in the development of 1,2-
dichloro-1,2-difluoroethylene in electrophotographic photore-
ceptorst? and in displays. Also, the understanding of the
thermochemical properties of these species leads to an importan
role in environmental and atmospheric chemistry reactions. We
are interested in the estimation of thermochemical properties,
such as ionization potentials, for chlorinated, fluorinated, and
chlorofluorinated ethylenes because there are a lack of experi-
mental values for some of them and few results for others.
Furthermore, it is known that the Gaussiaiseries, Gaussian
14 Gaussian 2,and Gaussian 8,have been developed to
achieve a target accuracy #f2 kcal molt or £ 0.1 eV with
respect to experimental data. Generally, it would also take

accurate predictions where the experimental data are unknownPO!Nt engrgles, besides the orbital relaxation. o
or uncertain. Moreover, the ionization can be examined as a | he difference between the energy parameters of the ioniza-
vertical or adiabatic ionization process. tion process for fluoroethylenes, chloroethylenes, and chlorof-

The aim of this work is to investigate vertical ionization luoroethylenes is also investigated with the aim to understand
potentials, VIPs, and adiabatic ionization potentials, AlPs, of NOW AlPs and VIPs change with the substitution of hydrogen
all chlorinated, fluorinated, and chlorofluorinated ethylenes using &10ms by halogen atoms in the ethylene frame.

G2 and G3 theories. Moreover, our results are compared with previously calculated

Calculation of the vertical ionization potential has been VIPs and AlPs.

investigated by Koopmans’s theorémi! which states that the
Theoretical Framework and Computational Procedure
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to investigate vertical ionization potentials and adiabatic ioniza- and ZPE", is the zero-point energy of the ionized molecule
tion potentials are described as follows. with the clamped nuclei (as indicated by superscript CN), while
Vertical lonization Potential (VIP). The vertical ionization ZPE, the zero-point energy of the neutral molecule.
potential is the minimal energy needed for the detachment of Including changes in the correlation energy, we have VIP-
an electron, but different from the adiabatic process, there is (GX), with X as 2 or 3 relating to G2 and G3 theories,
not time for the molecule to undergo geometry changes (for respectively
example, when a technique such as fast electron bombardment
is used); therefore, the geometry of the ionized molecule is the VIP(GX) = E(GX)SY, — E(GX), (4)
same as that of the neutral ohe.
Two approaches have been used, one considering the KoopwhereE(GX)<", is the energy obtained withXGtheory at the
mans’s theorem, which states that the ionization potential ionized molecule with the clamped nuclei, aBGX), is the
required to remove an electron from an orbital is given by the energy obtained with the Xtheory at the neutral molecule.

negative value of the energy of this orbital¢, as calculated Since the correlation energy is taken as a positive value for
within the Hartree-Fock approximatioh® for the neutral convenience, each term in eq 4 can be

molecule. The other approach consists of the difference between

the values of energy of the ionized molecule, with the same E(GX)SN, = E(HF)-, — E(corn ™, + ZPEN,  (5)
geometry as that of the neutral one, and the energy of the neutral

molecule, and in this case, different from Koopmans's theorem, E(GX),, = E(HF),, — E(corr), + ZPE, (6)

it is assumed that the orbitals can relax and that the correlation

energy can change in the ionized molecule. where E(corr)ﬂ“l is the correlation energy of the ionized

First, the energies and geometries of neutral molecules weremolecule with the same geometry as that of the neutral one,
obtained by G2 and G3 theoretical calculations. The orbitals andE(corr), is the correlation energy of the neutral molecule.
and Hartree-Fock single-point energies were obtained with the ~ Substituting egs 5 and 6 into 4 and using eq 2 results in
Hartree-Fock (HF) level using GTlarge and 6-3tG(3df,2p) oN
basis sets on the equilibrium geometry that resulted from MP2- VIP(GX) = VIP(HF) + AE(corr);, (7)
(full)/6-31G(d) (into the final step of G3 and G2 theories).

Second, the energies of the ionized molecules were obtainedWhere

with G2 and G3 theories keeping the geometries obtained cN cN

previously with MP2(full)/6-31G(d) from the neutral molecules AE(corr);,_, = E(corr), — E(corr),~; (8)
frozen. The HartreeFock single-point energies of the ionized . .
molecules were obtained using GTlarge and 6-BG{3df,2p) V'P(HF) can be entered into eq 7 because, in G2 and G3
basis sets on the geometry of the neutral molecule obtained Withtheorles, ZPEs are calculated at the same HarfFeek level
MP2(full)/6-31G(d). To verify how the changes in correlation ©f N€ory. .

energy, the zero-point energy, and the energy relaxation of the VlP(HF) can algo be expressed. by the Orb'té,‘l gner%y,,
orbitals affect the vertical ionization energy, we used the same the orbital relaxation energy keeping the nuclei fix&f",

analysis as that of Maksiand Vianello? and theAZPEgy ; energies
For positive as well as for neutral molecules, the zero-point _ cN N
energy was calculated from harmonic frequencies acquired with VIP(HF) = —e + Er_; + AZPEﬁ,n—l )

HF/6-31G(d) and scaled by a factor of 0.8929. All calculations
were done with spin-restricted calculations for the neutrals
molecules and spin-unrestricted calculations for the ionized
molecules.

By Koopmans's theorem, the vertical ionization potential
(VIP) was obtained by

where
ErN, = E(HF)SY, — E(HF), + ¢ (10)
Thus, adding eq 9 into eq 7, the final equation is given as

VIP(GX) = —e + Er$", + AE(corr)in_, + AZPESH
VIP = E(HF)°® — E(HF), = —¢ @) (€X w1+ AB(COMhn o1 1)
where the indexh is the number of electrons in the neutral Adiabatic lonization Potential (AIP). The adiabatic ioniza-
molecule anch — 1 denotes the catiofE(HF) °is the energy ~tion potential is the minimal energy needed for the detachment
calculated with the clamped nuclei and considering the orbitals of an electron when the ion is produced in its most stable state;
frozen when one electron is removed, &(#iF), is the energy this means that the molecular geometry changes (which is the
obtained at the neutral molecule. The difference between bothcase in, e.g., photoionization or photoelectron spectroscopic

energies is equal the negative energy of the HOMO orbital, technique§§*. S ) '
This value assumes that there is neither relaxation in the orbitals The adiabatic ionization potential, AIP¥ was obtained
nor changes in correlation energy and zero-point energy. by the difference between the energy (electronic and zero-point

On the basis of orbital relaxation, but keeping the nuclei correction) of the ionized molecule and the energy of the neutral
clamped, the vertical ionization potential obtained with Hartree  molecule, both obtained by G2 and G3 theories; therefore

Fock model, VIP(HF), results from AIP(GX) = E(GX),_, — E(GX), (12)
_ CN N
VIP(HF) = E(HF);=, — B(HF), + AZPESJH @ where E(GX),-1 is the radical cation energy with the relaxed
structure.
Using the analysis of Maksiand Vianellol?2 we may treat
N N the adiabatic ionization potential as a two-step process. The first
AZPEﬁ,n—lz ZPEﬁ—l_ ZPE, (3) step corresponds to the vertical ionization, and the second

where
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corresponds to the relaxed structural parameters of the radical F|gures +3, 5-7, 9, 10, 12, and 13 show-e, ErSY,
cation. Establishinger(nucl)h-1 as the relaxation energy of the  AE(corr)cN Ny Aszgn 1, VIP(HF), VIP(GX), Er(nucly_1,
relaxed orbitals without constrains in the geometry structure and AE(corRY,. , AZPE? . and AIP(G3) as a function of

AE(corr).", , ; as the change in the correlation energy due the o'y mber of halogen atoms, respectively. Figure 8 shows the

optimization of radical cation geometry, one obtains relations between VIP(G3) anee, and Figures 4 and 11 show
ErSY, + AE(corrih_, and Er(nucl),—1 + AE(corr as a
Er(nucl),_, = E(HF),_, — E(HF), (13) fuﬂc}[ion of Ehe n)rl]jmber of h(alog()enn atoms (respzré(:lt?vély All of
the figures show G3 theory results, while G2 theory results have
and the same behavior and are displayed in the Supporting Informa-
tion (Figures S+S13).
AE(corr ;= E(corn™, — E(corr),_,  (14) AlPs for 1,2-dichloro-1,2-difluoroethylene isomers differ by
about 0.62 eV from the experimental data. However, it is
whereE(HF),-1 is the Hartree-Fock energy, an&(corr_1 is suggested by Lias et &l.that the experimental value are not
the correlation energy of the radical cation with a relaxed trustworthy; therefore, ours calculations confirm this statement.
structure. The superscript RN denotes relaxed nuclei. In view of this, average absolute deviations of the calculated
Therefore, AIP may be defined as AlIPs from the experimental data were obtained without
considering the deviations on 1,2-dichloro-1,2-difluoroethylene
AIP(GX) = VIP(GX) + Er(nucl),_, + isomers. Results of AIP(G3) and VIP(G3) from G2 and G3
AE(COI’I’n o AZPEﬁNln . (15) theoretical calculations have about the same average absolute

deviation from the experimental data. While G3 results have
average absolute deviations of 0.015 and 0.045 eV for the AIP
and VIP experimental data, respectively, G2 results have average
N N absolute deviations of 0.014 and 0.049 eV. The HOMO energy
AZPEﬁ 1n1=2ZPE ZPEﬁ—l (16) according to Koopmans's theorem gives average absolute
deviations, compared with the same experimental data, of 0.248
where ZPE-; is the ZPE energy of the radical cation with a and 0.242 eV, while VIP(HF) has average absolute deviations
relaxed structure. of 1.08 and 1.09 eV for GTlarge and 6-3t®(3df,2p) basis
set calculations, respectively.
The present results allow one to recognize the different
For all molecules studied, the detached electron was localizedbehavior of the parameters used in the calculations of VIP and
in the HOMO orbital, that is, ther orbital between the carbon  AIP as a function of the number of halogen atoms for
atoms. All optimized geometries, for both neutral and positively fluoroethylenes, chloroethylenes, and chlorofluoroethylenes.
charged haloethylenes, were planar, and no imaginary frequen-Of particular significance is the variation oErCN +
cies were achieved. The G2 and G3 theories give a pIanarAE(corr)n as a function of the number of halogen atoms.
structure for the ethylene cation, but the experimentally derived These quantmes do not cancel each other and are important to
geometry by Kppel et al'® shows a twisted structure with  achieve the closest results to experimental data, while Koop-
dihedral angles of 25 Therefore, we have calculated the relaxed mans’s theorem gives comparatively poor results. Good linear
structure of the cation utilizing this structure, keeping it frozen. and polynomial fits, with correlation coefficients larger than
Abrams et alb already showed the deficiencies in several 0.9, can be achieved for VIP versts only for chloroethylenes;
methods and basis sets to obtain the cation structure, and thes@owever, as can be seen in Figure 8, it is possible to observe
deficiencies explain why the G2 and G3 theories were not able that VIP increases rapidly witke, while for the fluoroethylenes,
to give the correct geometry. All of the geometries of the the results are relatively constant. We will now analyze these
halogenated ethylenes were tested using UB3LYP/6+&-1 different behaviors of fluoroethylenes and chloroethylenes and
(d,p) because this method results in the twisted structure of thecompare our results with previous calculations.
ethylene with a low computational cost. Nevertheless, all of
the calculated halogenated ethylene structures result in planaiyiscyssion
geometries, even when starting the optimization jobs from

and

Results

twisted geometries with dihedral angles of’ 2Bd tightening One first aspect to be concerned with is the difference in the
the cutoffs on forces and the step sizes used to determine thegeometry of the ethylene cation and the haloethylenes. Both
convergence to the final structure. G2 and G3 theories were not able to give the correct structure

Tables 1 and 2 show the vertical and adiabatic ionization for the ethylene cation as determined experimentally, and this
potentials obtained in this work using G2 and G3 theories, fact can be explained by deficiencies in the method and basis
respectively, and the selected experimental ionization potentials.set® of the optimization step in the G2 and G3 calculations.
Table 3 shows the VIP(HF) both from G2 and G3 calculations. With the UB3LYP/6-31%G(d,p) calculation, the twisted struc-
For further analysis, the haloethylenes were organized in threeture of ethylene is reached, but for the haloethylenes, the
groups, fluoroethylenes (group F), chloroethylenes (group Cl), resulting structures are planar. One possible explanation for this
and chlorofluoroethylenes (group FCI), in increasing number fact is the presence of p orbitals with lone pairs in the F and ClI
of halogen atoms. atoms in the same plane as the p orbitals ofthend between

The experimental values presented in Tables 1, 2, and 3 werethe carbons. The interaction between these p orbitals results in
selected from the literature (see Table S4 in Supporting the planar structure for the ground state of the haloethylene
Information), and the closest values to the calculated ones werecations. Besides, it is known that inductive and mesomeric
chosen. G2/G3, ZPE, and Hartreleock energies are given in  effects of F and Cl atoms occur in organic compounds; thus,
the Supporting Information (Tables S1, S2, and S3, respec-the mesomerie-M effect could release electrons to the carbon
tively). atoms after the ionization process, favoring the planar structures
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TABLE 1: Vertical (VIPs) and Adiabatic (AIPs) lonization Potentials Obtained by G2 Theory, in eV, and Deviations from
Experimental Data

substance —ea  Erd™ AE(cor)oy ; AZPESY , VIP(G2Y VIP exp. Er(nucl),_, AE(corf™ , ; AZPERN ., AIP(G2) AIP exp.
CH,=CH, 1026 -1.35  1.88 -0.037 1075 1068 —0.04 -0.10 -0.057 1055 10.51
(—0.42) (0.07) (0.04) +0.0P
group Cl
CHCI=CH, 1011 -1.20  1.30 -0.029 1018 10.1% —0.25 0.09 -0.025 9.99  9.99
(—0.04) (0.03) (0.00) +0.02
(E)-CHCI=CHCI 9.94 -1.10  1.00 —0.018  9.82 9.8 —0.29 0.08 -0.012 9.6 9.6
(0.14) (0.02) (0.0)
(-CHC=CHCI 9.98 -1.13  1.03 -0.029 9585 9.80 —0.27 0.06 —0.014 9.63  9.65
(0.18) (0.05) (-0.02) +0.0F
CClL,=CH, 10.14 -126 118 -0.032 10.03 100¢ —0.30 0.10 -0.029 9.80  9.79
(0.14) (0.03) (0.01) +0.04
CCl,=CHClI 99 -116 092 -0.021 9.7 966  —0.29 0.07 -0.011 945  9.45
(0.3) (0.1) (—0.00) =+0.0F
CCl= CCl, 99 -117 083 -0.012 9.5 9.5  —0.28 0.05 —0.004 930 9.32
(0.4) (0.0) (-0.02) +0.0F
group F
CHF=CH, 1051 -1.31 153 —-0.034 1070 10.63  —0.40 0.09 -0.022 10.37  10.37
(—0.12) (0.07) +0.02 (0.00) +0.02
(E)-CHF=CHF  10.68 —1.27 1.26 -0.027 10.64 10.63 —0.65 0.19 -0.005  10.18 10.21
(0.05) (0.01) +0.02 (+£0.03) =+0.02
10.15
+0.02
(2-CHF=CHF  10.71 -1.26  1.25 -0.037 10.66 10.62 —0.63 0.19 —0.006 1021 10.23
(0.09) (0.04) +0.02 (0.01) +0.02
10.20
+0.02
CR—=CH, 10.77 -1.32 1.33 -0.042 1074 1070 —0.64 0.22 -0.020  10.30 10.30
(0.07) (0.04) +0.02 (0.00)
CR—=CHF 10.92 -1.27 1.06 —0.033 10.68 10.62 —0.84 0.29 0.000  10.13 10.14
(0.30) (0.06) +0.02 (-0.01) +0.02
CR=CF, 11.14 -125 087 -0.028 1073 1069 —1.01 0.37 0.014  10.10 1010
(0.45) (0.04) +0.02 (0.000r 10.1F
-0.01)
group FCI
(E)-CHCI=CHF  10.25 —1.17 1.09 -0.022 10.15 —0.44 0.15 —0.008 9.85  9.87
(-0.02) +0.0%
(2-CHC=CHF  10.26 —1.16  1.09 -0.032 10.16 -0.42 0.14 -0.010 9.87  9.87
(0.00) +0.0r
CFCECH, 1040 —1.28  1.24 -0.037 10.32 —0.44 0.15 -0.024 1001  9.97
(0.04)
(E)-CFCHCHF 1051 —1.23  1.01 —-0.028 10.26 —0.60 0.21 —0.005 9.86  9.83
(0.03) +0.02
(2)-CFCE=CHF  10.49 —1.22 1.01 -0.030 10.25 —0.61 0.22 —0.006 9.85  9.86
(-0.01) +0.0Z
CHCI=CR, 1043 —-1.15  0.94 —-0.031  10.19 -0.59 0.21 —0.004 9.81 9.84
(—0.03)
(E)-CFCECHCI  10.12 —1.12  0.92 -0.025  9.89 -0.42 0.14 —0.008 9.60
(2-CFCE=CHCI 10.16 —1.17  0.94 -0.026  9.90 -0.43 0.14 —0.009 9.60
CCl,=CHF 1020 —1.20  0.97 —-0.024  9.95 —0.42 0.13 —0.008 9.65
CFCECFR, 1066 —1.20  0.84 -0.024 10.28 1026 —0.75 0.27 0.009 9.81 9.82
(0.40) (0.02) (—0.01)
(E)-CFCHCFCI 1031 —-1.19  0.83 -0.022  9.93 -0.55 0.19 0.003 957 102
(—0.63) +0.149
(2-CFCE=CFCl  10.33 —1.20  0.85 -0.021  9.96 -0.56 0.19 0.004 959 10.2
(—0.61) +0.149
CClL=CF, 1035 -1.18  0.82 -0.021 997 982  —0.56 0.20 0.003 961  9.62
(0.53) (0.15) +0.02 (—0.01)
CCl,=CFCl 10.08 —1.18  0.83 -0.017 971 -0.40 0.11 -0.001 9.42

aDeviations (values in parentheses) are the difference between the calculated value and the experimental one without considering the.uncertainties
b Ref 18.¢ Ref 20.9 Ref 17.¢ Ref 19.f Deviation from the experimental value of 10.20 éVhere is no indication oZ or E isomers for that value,
referent to 598-88-9 CAS registry number substance.

of the haloethylenes. Furthermore, the release of an electron Because of little experimental data available to allow us to
from the p orbital of fluoro atoms to the p orbitals of the carbon made an accurate analysis for the chlorofluoroethylenes, we
atom, as the release of electrons from carbon to the fluoro atomdecided to focus on a discussion for the different behavior of
in the o bond, was yet observed in calculations for neutral fluorinated and chlorinated compounds in VIP and AIP calcula-
tetrafluoroethylené! More calculations, for example, to deter- tions. However, we can delineate from the Figuresl? that
mine bond orders and charges, are necessary to confirm thisthe chlorofluoroethylenes have, in general, a behavior that is a
hypothesis. mixture of the behaviors of the fluoroethylenes and the
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TABLE 2: Vertical (VIPs) and Adiabatic (AIPs) lonization Potentials Obtained by G3 Theory, in eV, and Deviations from
Experimental Data

substance —ea  Er, AE(corrfN, AZPE VIP(G3} VIP exp. Er(nucly 1 AE(corrf, ; AZPER, ; AIP(G3F AIP exp.
CH,=CH;, 10.26 —1.35 1.85  —0.037 10.72 1068 —0.04 -0.09 —0.057 1053  10.51
(—0.42) (0.04) (0.02) +0.0P
group Cl
CHCI=CH, 1011 —1.21 1.31  —0.029 1018 101% -0.24 0.08 —0.025 9.99  9.99
(—0.04) (0.03) (0.00) +0.02
(E)-CHCI=CHCI 9.96 -1.13 1.02  —0.018 9.83 980 -0.29 0.06 -0.012 9.6 9.6
(0.16) (0.03) (0.0)
(2-CHCI=CHCI 9.97 -1.13 1.03  —0.029 9.84 9.8 —0.28 0.07 -0.014 962  9.65
(0.17) (0.04) (-0.03) +0.0r
CClL,=CH, 10.13 —1.25 1.18  —0.032 10.03 10.00 —0.29 0.09 -0.029 9.80  9.79
(0.13) (0.03) (0.01) +0.04
CCl,=CHCI 9.9 -1.16 093 -0021 97 966  —0.28 0.05 -0.011 9.44 945
(0.3) (0.1) (-0.01) +0.0r
CCl= CCl, 9.9 -118 084 -0012 95 9.5  —-0.28 0.04 —0.004 929  9.32
(0.4) (0.0) (-0.03) +0.0r
group F
CHF=CH;, 1052 —1.32 152 —0.034 10.69 10.63  —0.39 0.09 -0.022 10.37  10.37
(—0.12) (0.06) +0.02 (0.00) +0.02Z
(E)-CHF=CHF  10.70 —1.27 1.24  —0.027 10.64 1063 —0.63 0.18 —0.005 10.18  10.21
(0.07) (0.01) +0.02 (£0.03) +0.02
10.15
+0.02
(2-CHF=CHF  10.72 -1.26 1.23  —0.037 10.65 1062 —0.62 0.20 —0.006 1022  10.23
(0.10) (0.03) +0.02 (-0.01) +0.02
10.20
+0.02
CR—=CH, 10.78 —1.31 1.30  —0.042 1073 10.70  —0.63 0.22 -0.020 10.30  10.30
(0.08) (0.03) +0.02 (0.00)
CR—=CHF 10.94 —1.26 1.03  —0.033 10.68 10.62  —0.83 0.28 0.000 10.13 10.14
(0.32) (0.06) +0.02 (-0.01) +0.02
CR=CF, 11.16 —1.24 0.84 -0.028 1073 1069 —1.00 0.37 0.014 10.11 1010
(0.47) (0.04) +0.02 (0.000r 10.1F
-0.01)
group FCI
(E)-CHCI=HF  10.25 -1.17 110  —0.022 10.16 -0.43 0.13 -0.008 9.85  9.87
(-0.02) +0.0%
(2-CHCI=CHF  10.26 —1.16 1.09  —0.032 10.16 -0.42 0.14 -0.010 987  9.87
(0.00) +0.0F
CFCECH, 10.41 —1.28 1.23  —0.037 10.32 —0.44 0.15 —0.024 1001 9.97
(0.04)
(E)-CFCE=CHF  10.52 —1.23 1.00 —0.028 10.26 —0.60 0.21 —0.005 9.86  9.83
(0.03) +0.02
(2-CFC=CHF  10.50 —1.22 1.00 —0.030 10.25 —0.60 0.20 —0.006 9.84  9.86
(-0.02) +0.0Z
CHCI=CR, 10.41 —1.12 093  -0.031 10.19 -0.58 0.20 —0.004 9.81 9.84
(—0.03)
(E)-CFCECHCI  10.15 —1.16 092  -0.025 9.89 —0.41 0.12 —0.008 9.59
(2-CFCECHCI  10.16 —1.17 094 —0026 9.90 -0.43 0.14 —0.009 9.60
CCl,=CHF 1021 —1.21 098 —0.024 9.96 -0.42 0.12 —0.008 9.65
CFCECFR, 10.68 —1.20 082  —0.024 1028 1026 —0.75 0.27 0.009 9.81  9.82
(0.42) (0.02) (-0.01)
(E)-CFCECFCI  10.31 —1.18 082  —0.022 9.93 -0.54 0.17 0.003 956 10.2
(—0.64) +0.199
(2-CFCHCFCl  10.34 —1.20 0.84 —0.020 9.96 -0.55 0.17 0.004 958 10.2
(—0.62) +0.199
CClL=CF, 10.35 —1.18 082 —0021 997 982 -0.54 0.18 0.003 961  9.62
(0.53) (0.15) +0.02 (—0.01)
CCl,=CFClI 10.07 —1.17 083 -0017 971 -0.40 0.11 -0.001 9.42

aDeviations (values in parentheses) are the difference between the calculated value and the experimental one without considering the.uncertainties
b Ref 18.¢ Ref 20.9 Ref 17.¢ Ref 19.f Deviation from the experimental value of 10.23 é\VThere is no indication oZ or E isomers for that value,
referent to 598-88-9 CAS registry number substance.

chloroethylenes; moreover, their values are between those ofcaused by orbital relaxation, changes in vibrational frequencies,
the chloroethylenes and the fluoroethylenes too. and changes in electronic correlation energy are not considered,

Vertical lonization Potentials (VIP). Most of the values of while VIP(HF) values, which consider changes in energy caused
—e, which represent the VIP by Koopmans’s theorem, have by orbital relaxation and changes in frequencies but do not
positive deviations from experimental results, with the exception consider changes in correlation energy (taken as a positive
of ethylene, chloroethylene, and fluoroethylene. In the VIP quantity), are significantly low when compared with the
calculation outlined by Koopmans’s theorem, changes in energy experimental VIP values.
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TABLE 3: Vertical lonization Potentials from

Hartree—Fock Calculations, VIP(HF), Obtained by G2 and 11,20 g xg:.”ated a
. . g . inated
G3 Theories, in eV, and Deviations from Experimental Data A chorofluorinated
VIP(HF) VIP(HF) 11009 o
substance 6-311+G(3df,2p) GTlarge VIP exp. 1080
CH,=CH; 8.87 8.87 10.68 g R
(-1.81) (-1.81) 10,60
group Cl 3 o A
CHCI=CH, 8.88 8.87 10.1% E 10,404 A A
(-1.27) (—1.28) : A
(E)-CHCI=CHCI 8.82 8.81 9.80° o A
(—0.98) (—0.99) 10,204 R A
(2)-CHCI=CHCI 8.82 8.81 9.80 ° A
(—0.98) (—0.99) 10,00+ o
CCl,=CH, 8.85 8.85 10.00 ° o
(—1.15) (—1.15) 9,80 y . ; . ; . ; . :
CClL,=CHCI 8.8 8.8 9.6 0 1 2 3 4
(—0.8) (—0.8) number of halogens
CCh=CCl, _%; _%é 9.5 Figure 1. HOMO energy as a function of the number of halogens
group F ( ) ( ) (G3 theory results).
CHF=CH;, 9.17 9.17 10.63
(—1.46) (—1.46)  £0.02 124 N
(E)-CHF=CHF 9.38 9.40 10.63 o
(~1.25) (—1.23) +0.02
(2)-CHF=CHF 9.41 9.42 10.62 1,164 N 2 A
(-1.21) (—1.20) +0.02 o
CF=CH;, 9.41 9.43 10.70 1,204 A
(-1.29) (-1.27) +0.02 - o A
CFR=CHF 9.62 9.65 10.62 2 ol A 5
(~1.00) (—0.97) +0.02 _e o
CR=CR 9.86 9.89 10.69 qu a E
(—0.83) (—0.80) +0.02 1,28 A
group FCI
(E)-CHCI=CHF 9.06 9.06 132 5 o
(2)-CHCI=CHF 9.07 9.07 ’ o fluorinated
CFCEFCH; 9.08 9.09 n O chlorinated
(E)-CFCECHF 9.25 9.26 -1,36 A chlorofluorinated
(2)-CFCE=CHF 9.24 9.25 o 1 2 3 4
CHCI=CFK, 9.25 9.26
(E)-CFCE=CHCI 8.98 8.97 number of halogens
(2)-CFCECHCI 8.96 8.96 Figure 2. Erﬁl“l as a function of the number of halogens (G3 theory
CClL,=CHF 8.98 8.98 results).
CFCECR, 9.44 9.46 10.28
(-0.82) (=0.80) atoms in the fluoroethylenes, it decreases in the chloroethylenes
(E)-CFCE=CFCI 9.10 9.11 y ' yiel
(2)-CFC=CFCl 9.11 9.12 when chloro atoms are added to the molecule. One possible
CClL=CF, 9.15 9.15 9.82 way to explain this is by the inductive and mesomeric effects.
(=0.67) (-0.67)  £0.02 In the fluorinated molecules, the inductive effect predomi-
CClL=CFCl 8.88 8.88 nates over the mesomericM effect, and the carbon atoms

a Deviations (values in parentheses) are the difference between thebecome more positively charged with the addition of fluoro
calculat_ed_ value and the experimental one without considering the atoms, resu|ting in a hindrance to withdraw the electron in the
uncertainties? Ref 18. ionization process, raising the HOMO energy. Yet, for the

chloroethylenes, the mesomeric effect predominates over the

The VIP(GX) procedure gives positive deviations compared inductive effect, and the chloro atoms release electrons to the
with the experimental results, meaning that the calculated valuescarbon atoms that becomes less positively charged, making the
are a little high. However, the VIP(Q values are very close  withdrawal of the electron in the ionization process easier, and
to the experimental data. Among the values—of and VIP- therefore, the HOMO energy decreases with the increase of
(HF) and VIP(X), the last have better agreement with the chloro atoms in the molecule.
experimental data because the average absolute deviations of
VIP(G2) and VIP(G3) compared to the experimental values are

0.049 and 0.045 eV, respectively, while the average absolute"’lt.(t);]n é 'CT, the. moleculcter.“Only;htﬁ flui)l:oethyge?es bet;]ave \\’/Vﬁll
deviation of VIP(HF) related to the same experimental values, with Er,—, 11Sing smoothly, and the other substances have )

using the 6-313G(3df,2p) basis set, is 1.09 eV, and using the (GX) values abc%ve those of fluoroethylenes. For the chloroet-
GTlarge basis set, the average absolute deviation is 1.08 eV.hylenes, them-; rises more than that for the fluoroethylenes

Figure 2 show&r™™, as a function of the number of halogen

Also, the average absolute deviation-ef, using the 6-311+G- adding chloro atoms to the molecule but shows a poor behavior.
(3df,2p) basis set, is 0.242 eV, and using the GTlarge basis set,The difference in th&r("; values for the )- and €)-CHCl=
the deviation is 0.248 eV. CHCl isomers, whose values atré.13 eV, in comparison with

Figure 1 shows the different behavior of the HOMO energy, the CCk=CH, isomer, whose value is'1.25 eV, displays a
—e¢, as a function of the number of halogen atoms for the height dependence of the relaxation energy with the disposition
haloethylenes. While-¢ increases with the addition of fluoro  of the chloro atoms in the molecule.
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halogens (G3 theory results). results).

Figure 3 shows how the correlation energy changes with the small (about 0.23 eV), whil&\E(corr Cﬂ,l decreases signifi-
addition of halogens to the molecule. The general trend observedcantly (about 1.03 eV). This explains why therS™, +
is that the values decrease with the number of halogen atoms.AE(corr)gL values (Figure 4) diminish with the number of
The AE(corr ﬁ':,l values for the fluoroethylenes have a smooth halogen atoms in the molecule.
decreasing behavior, while for the chloroethylenes, the values  Figure 5 shows the variation of the zero-point energy as a
rapidly decrease at the beginning and slowly at the ending. Thefynction of the number of halogens in haloethylenes. For all of
decreasing of theAE(corr)(l, , is expected because, as the the substances, theZPESY | values rise with an increasing
number of electrons in the molecule increases, the correlationnymper of halogen atoms in the molecule. For the chloroeth-
energy of the molecule becomes less sensitive to a WithdraWaIy|eneS’ the increasing is more pronounced than that for the
of one electron. fluoroethylenes. The range of values varies by 0.03 eV,
The AE(corr);),_, values predominate over ttie;", values  therefore, the contribution of theZPESY , values to final VIP
for substances such as chloroethylene, fluoroethylene, and 1,1values is small, and the major contribution to the VIPs are given
difluoroethylene, and that makes VIPX$ higher than—e, by the ErY, and AE(corr);N_, values.

except for the calculated VIPEG of 1,1-difluoroethylene, Figure 6 shows the VIP(HF) as a function of the number of
whose values oAE(corr);, ; and Ean1 are nearly the same,  pajggens in the molecule. As VIP(HF) takes into account only
in modulo, and in such CaseAZpE(n:,n—l decreases the VIP-  the variation of the relaxation and zero-point energies and as
(GX) value. For all others speciey,’; predominates over the relaxation energy predominates ov&ZPESY ., it is
AE(corr)iy 5, and this make VIP(®) lower than—e. expected that VIP(HF) behaves as an addition of the HOMO
As shown in Figure 4, the values &S", + AE(cormin energy anderS"Y,, and thus, it occurs that the behavior of
are close to zero for substances with two fluoro atoms, and theVIP(HF) is the same as that of HOMO but with lower values
Ery", and AE(corr) ; values nearly cancel each other. For (ErSM, has a negative value and decreases the positive value of
these compounds;e and VIP(GX) have closer values. The the HOMO energy).
values ofAE(corr), , decrease (Figure 3) with the addition  |n Figure 7, VIP(G3) as a function of the number of halogen
of halogen atoms in the molecule; however. ", values atoms in the molecule is shown. As in the HOMO behavior,
increase (Figure 2). But, the range of the increaSErﬁ’i\'1 is the fluoroethylenes have higher values than the chloroethylenes.
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Figure 7. VIP(G3) as a function of the number of halogens (G3 theory Figure 8. VIP(G3) as a function of the HOMO energy (G3 theory
results). results). The polynomial fit to the fluoroethylenes is second order; the

polynomial fit to the chloroethylenes is third order.

However, while the HOMO energies for the fluoroethylenes
increase with the number of halogen atoms, the VIP(G3) values
are nearly constant. This occurs becauBg"; + AE
(corryon_; has the exact contrary behavior of the HOMO _

energyn, decreasing with the number of fluoro atoms. Both effects VIP(Gg)POC' (741246.29+ 22221.74)+ (12319.01
annul each other, and the result is a nearly constant value of 6619.36)HOMO+ (—1226.30+ 657.20)HOMG +

The third-order polynomial fit is

VIP(G3) for the fluoroethylenes. For the chloroethylenes, the (40.70+ 21.75)HOMC§ (18)
HOMO energy decreases with the number of chloro atoms, and

CN CN F
the Er—, + AE(corr),, , values have the same behavior;  ynfortunately, it was not possible to achieve a fit with a good

therefore, the effects are added, and the VIP(G3) values for these.re|ation coefficient for the fluoroethylenes. The best fit was
compounds decrease more sharply than the HOMO values.  chieved with a second-order polynomial fit with a correlation
An important point in Koopmans'’s theorem is to observe if coefficient of 0.41833 and standard deviation of 0.03471. The
AE(corr)iy_, cancels withErS™,. When this occurs, the theo-  equation is displayed as VIP(G3)
rem gives good previsions of the VIP values. Howeve(r:, as the
N

beChNavior ofAE(cCchr)ﬁ,'n“_l predominates gxer that dEr;_;, VIP(G3)- = (40.38+ 17.70)+ (—5.56+ 3.31)HOMO+
Er.—; + AE(corr),,_, behaves ag\E(corr),,_,, and the cor-

relation energy has a predominant effect over the final values (0-26+ 0'15)HOM02 (19)
of the VIP(GX)s. Therefore, Koopmans’s theorem fails to
describe the behavior of the fluoroethylenes, as the HOMO
energy increases with the number of fluoro atoms, while the cN
VIP(G3) values decrease, initially, reaching a minimum for the AE(COM),—; values. , o ,
difluoroethylenes and increasing after that. However, for the "€ molecular structure given by the distribution of fluorine
chloroethylenes, as the HOMO energies and the VI(@lues and chlorine atoms on the molecule makes the VI(@&lues

decrease with the number of chloro atoms, the behavior of the IN the CH=CY isomers bigger than those in the CHCHY
HOMO energy matches that of VIPIG isomers (Y as Cl or F). That occurs because, in the HOMO

energy, the Ch=CY, isomers have larger values than in the
CHY=CHY isomers.
Because of the large deviation for the 1,1-dichloro-2,2-

In the same way, VIP(HF) does not match the behavior of
VIP(GX) for the fluoroethylenes because there is a lack of the

Quantitatively, Koopmans'’s theorem gives the closest results
compared with the experimental data (deviations less than

0.10 eV) for difluoroethylene isomers whedE(corr),,_, difluoroethylene value, we suggest other experimental measure-

) CN .
nearly cancels W',”Er”—l' However, for the chlorinated ethyl- = o s for this substance to confirm the experimental value, the
enes, Koopmans'’s theorem gives a closer result compared to

th . tal VIP val \ for the chl thl ¢ single in literature.
€ experimen aCN value only for CNe chioroethylene, no Adiabatic lonization Potentials (AIPs). In testing the
becauseAE(corr);, ;, cancels withEr,~; but because the  jnjicapility of the Gaussian-series, it was observed that the

AE(corr ?1:,2‘71 value predominates. average absolute deviations from the experimental values on
As can be seen in Figure 8, it is possible to achieve correlation adiabatic ionization potential calculations are 0.0611 eV for G2
between VIP(G3) and Koopmans's VIPs for the chloroethylenes theory and 0.0490 eV for G3 theory, supported by previous
using a least-square fit and a third-order polynomial fit. The results with the G2/97 test segnd recently, this test set was
correlation factor to the least-square fit is 0.96463, and to the complemented by forming the G3/&¥%nd G3/0%° test sets,
polynomial fit, it is 0.9755; the standard deviation to the least- whose average absolute deviations are 0.0494 and 0.0477 eV,
square fit is 0.11335 and to the polynomial fit is 0.08688, and respectively. Our calculated adiabatic ionization potentials gives
the equations are displayed as VIP(g3)and VIP(G3)oct. a mean absolute deviation of 0.014 eV at G2 and 0.015 eV at
The least-square fit is G3 theories compared to the experimental values, without
considering the deviations from experimental data for the 1,2-

VIP(G3) = (—18.00+ 3.42)+ (2.79+ 0.34)HOMO dichloro-1,2-difluoroethylene isomers, because Lias €t al.
a7) suggest that the experimental value is not trustworthy. Also,
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Figure 10. AE(corr),Ffl“lvn,las a function of the number of halogens

(G5 theory results) Figure 12. AZPEY", , as a function of the number of halogens (G3

theory results).

only for these isomers are the deviations bigger than the averageresulting in the decrease &f(nucl),—1 + AE(COI‘I’)SL\‘l o1 too.

absolute deviations for the G2/97, G3/99, and G3/05 test sets.|n accordance with Figure 11, the chloroethylenes suffer less

TheEr(nuclh-1 as a function of the number of halogen atoms  effect in their energies as a consequence of the structure
in the molecule is shown in the Figure 9. Again, the behavior relaxation of the cation structure, and their AIPs values are closer
of the fluorinated compounds is different than that of the to the VIPs, while the fluoroethylenes suffer more effects in
chlorinated compounds. Whiler(nucl).-1 for the fluoroethyl- their energies comparatively, and these effects are stronger as

enes decrease steadily, for the chloroethylenes, it is nearlymore fluoro atoms are added in the molecule. Therefore, the
constant at about0.26 eV. The effect of adding fluoro atoms  A|Ps are more different than the VIP values for them.

in the fluoroethylenes is nearly additive, decreagingucl),-1 Figure 12 shows thZPE}", , , variation as a function of
by about 0.20 eV for each atom added. a _ the number of halogen atoms. The values increase with the
Figure 10 shows the variation afE(corr),”; ,; with the number of halogen atoms for the fluoroethylenes as they did

number of halogen atoms in the haloethylenes. Different from for the chloroethylenes. As imMZPESN | the values are

CN RN H
AE(corn)y,y, AE(corr). "y 4 for the fluoroethylenes increases  smaller thanEr(nucl),—; and AE(corr)i™, ., and have little

with the number of fluoro atoms, while for the chloroethylenes, effect on the AIP values. i

the values decrease a little (they decreased\Efcorr)y Finally, the AIP(G3) values as a function of the number of

t0o). halogen atoms are shown in Figure 13. The AIP(G3)
Figure 11 show&r(nucl),—1 + AE(corr R_len_l as a function values are the sum of the VIP(G3) arf(nuclh-1 +

of halogens for the haloethylenes. As the chloroethylenes haveAE(Corr Rl\'l’n_l values; therefore, for the fluoroethylenes, VIP-

little variation in theEr(nucly-1 and AE(corry~, _; values, (G3) is nearly constant, angr(nucly_1 + AE(corr™,, ,

the sum of these parameters has little variation too, decreasingdecreases with the addition of halogen atoms. The AIP(G3)

with the increase in the number of chloro atoms, following the values decrease too. For the chloroethylenes, as the VIP(G3)

behavior of AE(corr El“lvn_l. However, Er(nucl),-, decreases  and Er(nucly,—; + AE(corr)>, ., values decrease, AIP(G3)

andAE(corn", ,; increases with the number of fluoro atoms  decreases in the same way. As in VIP(G3), the fluoroethylenes

in the fluoroethylenes, but in the sum of these, the behavior of have higher values of AIP(G3) than the chloroethylenes.

Er(nucl),-1 predominates because this range of variation is about  Comparison with Previous Works. Since 1962, ionization

0.6 eV, while the range foAE(corr),Ffl\'lyn,1 is about 0.3 eV, potentials for haloethylenes have been calculated using ab initio
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Conclusions

We have successfully achieved adiabatic and vertical ioniza-
o tion potential values for fluorinated, chlorinated, and chlorof-
. luorinated ethylenes by the G2 and G3 theories. Our results are
the closest values compared with available experimental data
in the literature.
We achieved calculated VIP values with deviations from the
A experimental data in the range of 0:60.10 eV with G2 and
G3 theory calculations, except for GEICF,, whose deviation
was 0.15 eV, indicating that the experimental value shall be
re-examined. The average absolute deviation from the experi-
mental data was 0.049 eV for the VIP(G2) results and 0.045
eV for the VIP(G3) results. Moreover, we have obtained VIP-
A chlorofiuorinated (G3) values for the following species not available in the
o 12 3 4 literature (in eV): VIP (E)-CHCI=CFCI) = 9.89, VIP (@)-
number of halogens CHCI=CFCI)=9.90, VIP (E)-CFCECHF)= 10.26, VIP (©)-
Figure 13. AIP(G3) as a function of the number of halogens (G3 theory CFCFCHF)=10.25, VIP (E)-CFC=CFCI)= 9.93, VIP (©)-
results). CFCECFCI) = 9.96, VIP (CC}=CFCI) = 9.71, VIP (CR=
CHCI) = 10.19, VIP (CHF=CCl) = 9.96, VIP (CH=CFCI)
=10.32, VIP (g)-CHCI=CHF)= 10.16, and VIP ()-CHCI=

10,60+
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and density functional theoA}:243° Table 4 shows VIPs and
AlPs calculated after 1980739 via elaborate calculations with ~ CHF) = 10.16.
several methods and basis sets allowed by the computer The changes in the correlation energy and the relaxation
development. Thereby, the deviations from experimental data energy of the orbitals are important to reach better quantitative
are, in the majority, higher when compared with ours at VIP- results, as can be seen by the large range of deviations from
(GX) and AIP(&X). the experimental data of the HOMO energg, of 0.04-0.53

Now considering, in modulo, those and our calculated €V- Also, Koopmans’s theorem fails to describe the behavior

deviations from experimental data, the VIP of 10.56 eV for ©Of the VIPs as a function of the number of fluoro atoms on the

fluoroethylene (entry 41 in Table 4) obtained with one of the
B3LYP?’ calculations has the same deviation from the experi-

molecule of fluoroethylenes; therefore, the HOMO energy
increases with the rising number of fluoro atoms, while the VIPs

mental value as the VIP(G2) value and a deviation of 0.01 eV decrease initially and increase after the difluoroethylene isomers.

higher than the VIP(G3) value; foE}-1,2-difluoroethylene, the

However, Koopmans's theorem describes the behavior of

SCP5 value of 10.64 eV (entry 45 in Table 4) has 0.01 eV of chloroethy_lenes as the HOMO energy and th_e VIPs decrease
deviation from the experimental data, the same deviation of the & & function of the number of chloro atoms in the molecule,
VIP(G2) and VIP(G3) values; foiz)-1,2-difluoroethylene, the bgt the values obtained for VIP§G show a better agreement
SCP value of 10.64 (entry 54 in Table 4) has a smaller with the experimental data. For none of the chloroethylenes do
deviation by 0.01 eV than that of the VIP(G3) value and 0.02 Eryy and AE(corr)iy ; cancel each other, as expected for
eV smaller than that of the VIP(G2) value, and the B3EYP  Koopmans’s theorem, giving the closest results to the experi-
value of 10.59 eV (entry 59 in Table 4) has the same deviation mental data (as occurs for the difluoroethylenes); however, for
as the VIP(G3) value and a smaller deviation by 0.01 eV than CHCI=CH,, no agreement is found with this statement, and
the VIP(G2) value; for 1,1-difluoroethylene, the S€ralue the HOMO energy is closer to the experimental data because
of 10.74 eV (entry 63 in Table 4) has the same deviation as theits value is low.
VIP(G2) value and a higher deviation by 0.01 eV than the VIP-  AE(corr, ,?:_1 varies in a large range of values compared to
(G3) value; the B3LYP value of 10.64 eV (entry 68 in Table Erf,Nl, decreasing with the number of halogen atoms in the
4) has higher deviations by 0.2 and 0.3 eV than that of the VIP- molecule, and this phenomenon is not accomplished by Koop-
(G2) and VIP(G3) values, respectively; and finally, for trifluo- mans’s theorem. VIP(HF) behaves as the HOMO energy and
roethylene, the MRDCf value of 10.70 eV (entry 70 in Table  shows the same failure of Koopmans’s theorem in not taking
4) has a higher deviation by 0.02 eV than that of the VIP(G2) into accountAE(corr fi':_l.
and VIP(G3) values, and the B3LYHvalue of 10.56 eV (entry Our calculated values for the AIPs have deviations from the
77 in Table 4) has the same deviation as the VIP(G3) and VIP- experimental data in the range of 0-:60.04 eV for G2 and G3
(G2) values. theoretical calculations and average absolute deviations from
Still, for AIPs, the values of 9.639 and 9.61 eV calculated the experimental values of 0.014 eV for G2 and 0.015 eV for
by CCSD(T) and G35 (entry 10 and 11, respectively, in Table G3. Moreover, we have obtained values, not available in the
4) for (E)-1,2-dichloroethylene have no deviation from the literature, for the following species using G3 theory (in eV):
experimental data, also like our results. Fg)-{,2-dichloro- AIP ((E)-CHCI=CFCI)= 9.59, AIP (¢)-CHCI=CFCI)= 9.60,
ethylene, the CCSD(¥) result (entry 15 in Table 4) has 0.02 AIP (CCL=CFCI) = 9.42, and AIP (CHFCCl,) = 9.65.
eV of deviation for our G2 result and is 0.01 eV lower than our Again, we suggest a review of the experimental data E)r (
G3 result. All of the remaining calculated VIP and AIP data and (Z)-1,2-dichloro-1,2-difluoroethylene isomers, with the
have higher deviations by 0.04 eV than the deviations of our objective to confirm if the single value in the literature is the
calculated results. correct one. Furthermore, the chloroethylenes have small

Therefore, for quite all of our calculated results for the Vvariations inEr(nucly-1 + AE(corr R o1, and therefore, they
haloethylenes, the G2 and G3 methods quantitatively predict have AIP values closest to the VIP values, as compared with
the closest values compared with the experimental data asthe fluoroethylenes.

opposed to the other previously utilized methods or, at least, The variation of the zero-point energiedZPE-n_, and

values with the same exactness. AZPEﬁl\'Ln,l, are small when compared with the variation of
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TABLE 4: Previously Calculated VIPs and AlPs from the Literature

entry substance methdd  VIPbYeV AlPYeV entry substance method  VIP*YeV AlPYeV
01 CHCI=CH, SCH (K) 10.00 48 SCE (A)9.38 8.84
(—0.20) (—1.25) (—1.310)
02 SCE (A)9.11 8.76 49 SDCI (A) 9.90 9.41
(~1.09) (-1.23) (-0.73) (—0.74)
03 SDCE (A) 9.79 9.41 9.40
(-0.41) (—0.58) (—0.75)
04 B3LYP® (A) 9.966 50 B3LYP (A) 10.49 10.04
(—0.23) (—0.14) (—0.11)
05 B3LYP® (H) 7.363 10.08
(—2.84) (—0.107)
06 B3LYP (H) 7.414 51 MP2Z2 (A) 10.45 10.00
(=2.79) (—0.18) (—0.15)
07 (E)-CHCI=CHCI  SCHF (K) 9.90 52 @-CHF=CHF  MRDCP  (A)10.12
(0.10) (—0.50)
08 scp (A) 9.10 8.69 53 SCR (K) 10.84
(—0.70) (—0.91) (0.22)
09 spch (A) 9.52 9.10 54 SCRH (K) 10.64
(=0.28) (—0.50) (0.02)
9.09 55 SCF (K) 11.22
(=0.51) (0.60)
10 CCSD(T) 9.639 56 SCE (A) 10.21
(0.0) (—0.41)
11 G3X 9.61 57 SCFE (A)9.38 8.85
(0.0) (—1.24) (—1.35)
12 @)-CHCI=CHCI  SCHF (K) 9.90 58 SDClH (A) 9.90 9.42
(0.10) (—0.72) (—0.78)
13 scp (A) 9.09 8.70 9.41
(—0.71) (—0.95) (—0.79)
14 SDCFr (A) 9.52 9.11 59 B3LYP (A) 10.59 10.08
(=0.28) (—0.54) (—0.03) (—0.12)
9.10 60 MP2 (A) 10.46 10.02
(=0.55) (—0.16) (—0.18)
15 CCSD(T) 9.668 61 CRL=CH. MRDCIP (A) 10.19
(0.02) (—0.51)
16 CCh=CH, SCH (K) 10.47 62 SCRH (K) 10.95
(0.47) (0.25)
17 scm (K) 10.60 63 SCR (A) 10.74
(0.60) (0.04)
18 scm (K) 10.63 64 SCE (K) 11.37
(0.63) (0.67)
19 scm (K) 10.29 65 SCFE (A) 10.31
(0.29) (—0.39)
20 scp (A)9.11 8.71 66 SCE (A) 9.41 8.88
(—0.89) (—1.08) (—1.29) (—1.42)
21 SDCFh (A) 9.64 9.22 67 SDCI (A) 9.99 9.52
(=0.36) (=0.57) (-0.71) (—0.78)
9.20 9.51
(—0.59) (—0.79)
22 B3LYP (A) 9.805 68 B3LYP  (A)10.64  10.23
(0.19) (—0.06) (—0.07)
23 B3LYP® (H) 7.432 10.22
(—2.57) (—0.08)
24 B3LYP® (H) 7.456 69 MP2 (A) 10.54 10.10
(—2.54) (—0.16) (—0.20)
25 CCh=CHCI SCF (K) 10.15 70 CR=CHF MRDCP  (A) 10.70
(0.55) (0.08)
26 SCE (A) 9.06 8.65 71 SCR (K) 11.17
(—0.54) (—0.80Y (0.55)
27 SDCE (A) 9.39 8.96 72 SCR (K) 10.85
(—0.21) (—0.49) (0.23)
28 CCh=CCl, SCH (K) 10.06 73 SCE (K) 11.68
(0.56) (1.06)
29 Scp (A) 9.02 8.61 74 SCE (A) 10.70
(—0.48) (—0.71) (0.08)
30 sbcp (A) 9.23 8.81 75 SCE (A) 955 8.90
(=0.27) (—0.51) (-1.07) (—1.24)
8.79 76 SDCF (A)9.91 9.38
(—0.53) (—0.71) (—0.79)
31 CH=CHF MRDCP (A) 9.96 9.36
(—0.67) (-0.78)
32 SCH (K) 10.58 77 B3LYP (A) 10.56 10.04
(0.21) (—0.06) (—0.10)
33 SCR (K) 10.48 10.06

(0.11) (—0.08)
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TABLE 4 (Continued)

entry substance methdd  VIPYeV AlPYeV entry substance method  VIPYYeV AlPYeV
34 SCE (K) 10.79 78 MP2 (A) 10.50 9.98
(0.16) (-0.12) (—0.16)
35 SCE (A) 9.72 79 CR=CF. MRDCIPP  (A)9.92
(—0.91) (—0.77)
36 SCFE (A) 9.22 8.83 80 SCR (K)11.48
(-1.41) (—1.54) (0.86)
37 SDCE (A) 9.99 9.60 81 SCR (K) 11.05
(—0.64) (—0.77) (0.36)
38 B3LYP® (A) 10.464 82 SCF (K) 12.0
(-0.17) (1.31)
39 B3LYP (H) 7.532 83 SCFE (A)11.2
(—3.10) (0.58)
40 B3LYP (H) 7.615 84 SCP (A) 9.74 8.99
(-3.01) (—0.95) (—1.11)
41 B3LYP (A) 10.56 10.23 85 spbce (A) 10.32 9.67
(=0.07) (—0.14) (—0.37) (—0.43)
10.21 86 B3LYP (A) 10.537
(—0.16) (—0.15)
42 MPZ (A) 10.51 10.16 87 B3LYP (H) 7.627
(—0.12) (—0.21) (—3.06)
43 (E)-CHF=CHF =~ MRDCP  (A)10.19 88 B3LYP (H) 7.575
(—0.44) (—-3.12) _
44 SCR (K) 10.84 89 B3LYP (A) 10.60 10.03
(0.21) (—0.09) (—0.07)
45 SCR (K) 10.64 10.068
(0.01) (—0.04)
46 SCF (K)11.19 90 MPZ (A) 10.55 9.97
(0.56) (—0.14) (0.13)
47 SCE (A) 10.18
(0.45)

2 For basis set details, see the respective reference to each tésutlOMO value in accordance with Koopmans'’s theoreim.value obtained
by the difference between the energies of the charged and neutral substance, keeping the geometry of the neutral one. H: HOMO energy (Koopmans's
theorem is not valid) Value in parentheses is the difference between the calculated value and the experimen{aRefa®. Ref 27.f The
values with and without ZPE correction are the safrRef 28." Ref 29.! Value without ZPE correction.Value with ZPE correction Ref 30.
' Ref 31.™ Ref 32." Value obtained in reference to the smaller experimental data shown in TebRel 33.7 Ref 34.9 Ref 35." Ref 36.5 Ref 37
VIP value closest to the experimental data among several calculated' &e$s38." Ref 39.

the correlation and relaxation energies and do not significantly assistance with our computer system, and N.A.P. thanks CNPq
affect the final calculated results of the VIPs and AlPs. for a scholarship.

Besides this, VIP and AIP values are higher for the fluoro-
ethylenes than for the chloroethylenes species. However, as one Supporting Information Available: Energies obtained at
can seen, the different behavior of the chloroethylenes and theG2 and G3 theories, ZPE and Hartrdeock energies of all
fluoroethylenes as a function of the halogen atoms occurs neutral and charged substances; experimental ionization poten-
markedly for the VIPs, whose values increase for the fluoro- tials; results with G2 theory for-e, Erg";, AE(corr)y ,,

ethylenes, while a decrease occurs for the chloroethylenes. AIPAZPEﬁ'N VIP(GX), Er(nuclh-1, AE(corr R_qun_l, AZP

n—1r

values for the fluoroethylenes decrease with a rising number of Eﬁfl‘nfl, AIP(G2), Erﬁl“l + AE(corr C’Eﬂ, and Er(nucl),_; +

fluoro atoms in the molecule, and this behavior is caused by AE(CO”‘ Rl\lln—l as a function of number of ha|ogens; and the

the Er(nucl)-1 value. The AlPs of the chloroethylenes have dependence between VIP(G2) and. This material is available
the same behavior as the VIPs, decreasing with the number offree of charge via the Internet at http://pubs.acs.org.

chloro atoms.
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