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Application of Factorial Design for theab initio Study of cis- and trans-1,2 Dihaloethylene Stabilities
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A técnica quimiométrica Planejamento Fatorial de Dois Niveis foi usada para avaliar os efeitos
principais e de interagcdo de modificag6es da fungdo de onda no célculo da diferenca dAEhergia (
entre os isomerass e trans 1,2-dihaloetilenos, 815X, (X=F e Cl). O perfil fatorial € bastante
diferente para esses dois sistemas. Os maiores efeitos no conjunto de base para a degericdo do
1,2-difluoroetileno como o isdbmero mais estavel séo fungées de polarizagado e func¢des difusas. Em
contraste, correlacéo eletrdnica, a nivel MP2, e a incluséo de fungbes de polarizagéo no conjunto de
base séo os maiores efeitos descrevewrinlg2-dicloroetileno como o isbmero mais estavel. Em
ambos os sistemas, os efeitos de interacdo sédo menores que os efeitos principais.

The chemometric technique Two Level Factorial Design was used to evaluate the principal and
interaction effects of wave function modifications on calculated energy differéiedsstween the
cisandtransisomers of 1,2-dihaloethylenes;H>X, (X=F and CI). The factorial profile &E is
quite different for these systems. The addition of polarization and diffuse functions to the basis set
have the largest effects in describaigl,2-difluoroethylene as the most stable isomer. In contrast
electronic correlation, at the MP2 level, and the inclusion of polarization functions in the basis set
have the largest effects in describingdisdorm as the most stable one in the 1,2-dichloroethylenes.

In both systems the interaction effects are smaller than the principal effects.
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Introduction tailed statistical analysis of the importance of the relevant
factors (basis sets, level of calculation and molecular ge-
When one compares rotational or configurational iso-ometries) on the calculated relative stabilities of the
mers, the question which naturally arises is: what is thalihaloethylenes.
most stable conformer? However even for simple systems, Objectively, to study how the factors influence a re-
predictions based on electrostatic and steric consideratiorsponse, it is crucial to know which of these factors are larger,
can go against normal chemical intuition. A classical ex-how they contribute to the response investigated, and fur-
ample is the greater stability of tloés form of the  thermore, whether they interact with one another, i.e.,
1,2-dihaloethylenes, £,X,» (X=F and Cl), relative to their ~whether the effects of one factor depend on the others. In
trans formsl.2. In fact, since the seventies theoretical pa-such situations, experimental design (in this case the de-
pers have appeared in the literature trying to explain thessign of theoretical experiments) and multivariate analysis
experimental resul8sl0. Ab initio calculations using a of the results, represent fundamental steps throughout the
broad spectrum of DZ (including diffuse and polarization investigation. A minimum amount of calculation is desir-
functions) and TZ basis sets were employed at both RHREble but significant results must be obtaited
and MP2 levels in order to evaluate the energy differences In order to analyze all these aspeditsinitio calculations of
between theis andtrans forms of 1,2-difluoroethylerfe  the energy difference between thie andtrans forms of 1,2
10, For these calculations both optimized and experimendifluoroethylene were performed using factorial design. Both
tal geometries have been used. With so many different cormexperimental and optimized geometries were used. The multi-
putational results, a detailed analysis has not been reportedriate exploratory technique, Two Level Factorial Design
in the literature. To our knowledge, there is no report in thg TLFD)12-17was applied to identify and quantify the most im-
literature offering a global vision such as provided by de-portant effects. Finally, the analysis was extended to the energy
difference betweecis andtransforms of 1,2-dichloroethylene
e-mail: paraiso@npd.ufpe.br in order to verify if the conclusions obtained for difluoroethylene
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also hold for its chlorine analogue. Except for a single previ- of 1,2-GHoF, for all 16 calculations, whereas the last three
ous RHF calculation developed by Schédfeal18 using 4- columns are related #&&E values between tleés andtrans
21G and 5-31G** basis sets (which points outrdresform as forms of 1,2-GH,Cl,. For each molecular system, the first
the most stable form), to our knowledge this is the first system- and second columns of numerical data sh&walues with
aticab initio study using several basis sets and different levels and without the zero point energy correction, respectively.

of calculation for dichloroethylenes. On the other hand, in the last column for each moleittle
values appear corresponding to the experimental geometries.
Calculations and computational methods For the difluoroethylenes the geometry reported by Laurie

and Penc® for thecis structure was used, whereas for the

Using the TLFD technique one initially defines two lev-  trans structure the original electron diffraction geometry
els for each factor that might influence the response under given by Carlogt al.was use@. For the dichloroethylenes
study. After that, it is necessary to perform experiments for all the experimental geometries of Schéfeal. were usetf.
2n possible combinations of n factors at each of the two lev- In Table 2 the codified design matrix corresponding to
els. For our purpose four factors and two levels are chosen: (1) the data of Table 1 is presented. The notation is as follows:
the use of 6-31G or 6-311G basis sets, (2) the presence orVal indicates whether the 6-31G or 6-311G basis set was
absence of diffuse functions, (3) the presence or absence ofused; Dif and Pol whether diffuse or polarization func-
polarization functions and (4) the use or not of Moller-Plesset tions were used and Corr whether the calculations were
perturbative corrections to second order (MP2) over Restricted performed at the RHF or MP2 level.
Hartree-Fock (RHF) calculation&b initio MO calculations In order to evaluate the principal and interaction effects,
were carried out on all 16 possible combinations of factors the AE values in Table 1 are applied to the signs of the corre-
for both experimental and completely optimized geometries. sponding effect column in Table 2; then the average value of
For the latter, no imaginary frequencies were observed in the the high level (+) minus the average value from the low level (-)
calculations. The MP2 calculations were performed using is taken. For example, the principal effect owing to the use of
the frozen-core option that excludes the inner-shells from the polarization functions is given by the difference between the
correlation energy calculations. The TLFD analysis was per- average value of the eight energy differences calculated with
formed using the FATORIAL progra¥® while forab initio polarization functions and the average value of the eight en-
calculations the GAUSSIAN 92 prografwas used. The ergy differences calculated without these functions. Note that
MO calculations were executed on a Risc 6000 IBM work- the signs for the interaction effects are obtained from the prod-
station and the TLFD ones on a personal microcomputer.  uct of the signs of the principal effect as illustrated in Table 2.

CoHaF2

Results and Discussions
In Figure 1 the principal and interaction effects ob-

The first three numerical columns of Table 1 show the tained from the TLFD analysis for the energy differences
total energy differencé\E) between theis andtransforms of the 1,2-difluoroethylenes are shown.

Table 1. Energy difference, in kcal mal for thecis e trans forms of 1,2-GH,X, (X = F and CI), 1 cal = 4.18 J.

C,H,F, C,H,Cl,

Wave Function OPT Geom. EXP Geom. OPGeom. EXP Geom.

AE2 AE AE® AE2 AE° AE*
6-31G -1.27 -1.52 -1.05 -0.63 -0.89 -0.97
6-311G -1.11 -1.37 -0.90 -0.71 -0.95 -1.08
6-31++G -0.61 -0.89 -0.44 -0.58 -0.86 -0.85
6-311++G -0.36 -0.66 -0.13 -0.66 -0.93 -1.03
6-31G** -0.26 -0.51 0.32 -0.23 -0.46 -0.61
6-311G** 0.00 -0.28 0.63 -0.27 -0.49 -0.63
6-31++G** 0.57 0.28 0.97 -0.09 -0.33 -0.44
6-311++G** 0.81 0.53 1.30 -0.22 -0.44 -0.56
MP2/6-31G -0.09 -0.29 -0.61 -0.06 -0.30 -0.13
MP2/6-311G -0.91 -1.10 -0.52 -0.17 -0.40 -0.38
MP2/6-31++G -0.62 -0.81 -0.27 -0.11 -0.33 -0.14
MP2/6-311++G -0.44 -0.62 0.01 -0.14 -0.32 -0.33
MP2/6-31G** -0.08 -0.28 0.63 0.53 0.31 0.38
MP2/6-311G** 0.20 -0.04 1.09 0.44 0.64 0.32
MP2/6-31++G** 0.48 0.29 1.00 0.54 0.40 0.42
MP2/6-311++G** 0.87 0.65 1.54 0.48 0.38 0.39
Exp. 1.08 0.48

*Calculated ad\E=E, - E,; "Calculated adE~E, + B .0 - (B + Boo; ‘CiSCH,F,, Ref. 20 andiransC,H,F, , Ref. 21;9Ref. 18.;°Ref. 1.;'Ref. 2.
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Table 2. Codified designing matrix for42TLFD analysise.

Effects
Main Interaction

Wave function Val Dif Pol Corr Val- Val- Val- Dif- Dif- Pol- Val- Val- Val- Dif- Val-
Dif Pol Corr  Pol Corr Corr Dif- Dif- Pol- Pol- Dif-

Pol Corr Corr Corr Pol

Corr

6-31G - - - - + + + + + + - - N N +
6-311G + - - - - - - + + + + + + - _
6-31++G - + - - - + + - - + + + - + -
6-311++G + + - - + - - - + - - + + +
6-31G** - - + - + - + - + - + - + + -
6-311G** + - + - - + - - + - - + - + +
6-31++G** - + + - - - + + - - - + + - +
6-311++G** + + + - + + - + - - + - - - R
MP2/6-31G - - - + + + - + - - - + + + -
MP2/6-311G + - - + - - + + + - + - - + +
MP2/6-31++G - + - + - + - - + - + - + - +
MP2/6-311++G + + - + + - + - + - - + - - -
MP2/6-31G** - - + + + - - - - + + + R R +
MP2/6-311G** + - + + - + + - - + - - + - -
MP2/6-31++G** - + + + - - - + + + - - - + R
MP2/6-311++G** + + + + + + + + + + + + + + +

aVal: valence description (- 6-31G, +- 6-311G); Dif: diffuse functions (- absent, +- present); Pol: polarization function  absent,
+ - present); Corr: electron correlation { RHF calculations, +- MP2 calculations).
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Figure 1. Principal and interaction effects on the wave function modifications for the energy difference calculations betwseanthans

forms of 1,2-difluoroethylene (1 cal = 4.18 J).

In this figure one may observe that only two effects are
really very important, i.e., the diffuse and polarization func-
tion principal effects, where the latter is about twice as
large. For both effects their interpretations are straightfor-
ward. The inclusion of diffuse or polarization functions
tends to increase positively the calculated energy differ-
ence between thérans and cis forms of 1,2-
difluoroethylene. For example, althoufk is —1.52 kcal
mol! using the 6-31G basis set (therefore, pointing out
the trans form as the most stable conformer) its value

changes to -0.89 kcal mblwhen diffuse functions are
used in the 6-31++G basis set. A similar trend occurs for
the use of polarization functions and thus Atevalues

are —1.52 and -0.51 kcal mbfor the 6-311G and 6-
311G** basis sets, respectively. Since, in general, it is not
a simple task to use a complete enough wave function to
achieve the true experimental potential energy surface,
one may assume thatMk value, such as in Table 1, for a
given wave function, is only meaningful with the opti-
mized structure obtained with the same wave function.
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Therefore, the effect of using the experimental geometry
with ab initio wave functions might artificially overesti-
mate the principal Pol effect. Another interesting result is
the small effect of electronic correlation (at MP2 level),
for both optimized and experimental geometries. This con-
clusion is not in agreement with Cremer’s resulihich
point to electronic correlation as an important effect.
Cremer’s results correctly suggest tiform to be more

stable since polarized basis sets produce the larger effect

in stabilizing thecis form. It is important to stress that the
factorial design allows a more complete understanding of
these apparently contradictory results. In the work of
Gandhiet al§, all wave functions describing tleés form
as having the lower energy also contain polarization func-
tions. They found that the use of diffuse functions also
leads to a stabilization of theés form (AE (DZ+P)=0.86
andAE(DZ+++P)=1.19 kcal ma}). This is consistent with
the positive and larger diffuse function effect observed in
Figure 1. Itis interesting to point out, that similarly for our
results Gandhét al.also did not observe large correlation
effects for the energy difference using experimental or
optimized geometries.

The interaction effects, on the whole, are lower than the
principal effects. However, their values are 10-24% of the

J. Braz. Chem. Soc

the similar profiles in Figure 1 for the effects calculated
with or without these corrections.

CHClp

The behavior of the principal and interaction effects
obtained from the TLFD for the energy difference ofdise
andtrans forms of 1,2-dichloroethylene is quite different
from the one for the fluorine analogue as can be seen below.

Figure 2 shows that the most important effects are the
polarization and correlation ones. Now, the correlation ef-
fect is the larger one. While the Dif effect tends to increase
AE in favor of thecisform for the difluoroethylenes it has a
non-significant effect in the dichloroethylenes. Except for
the Pol-Corr interaction effect which is 21% of the larger
Corr effect, the other interaction effects are very small, only
1-9% of the Corr effect value. In fact it is necessary to take
into account the Pol-Corr interaction effect in order to un-
derstand the larger stabilization cs-dichloroethylene
when one compares the use of polarization functions in
MP2 and RHF calculation as can be confirmed in Table 1.
For example thAE values for the 6-31G and 6-31G** basis
sets are —0.89 and —0.46 kcal rhotespectively, a varia-
tion of +0.43 kcal mot. On the other hand for the MP2/6-
31G and MP2/6-31G** calculations the values are —0.30

larger principal Pol effect. When one uses the experimental and 0.31 kcal md}, the variation being +0.61 kcal nibl

geometry these interaction effects are even lower. In Table

As for 1,2-difluoroethylene, the use of the experimen-

1 one can observe that the zero point energy correction tal geometry tends to overestimate the larger main effects

leads to a decrease in the relative stability o€tkfrm by
0.22 kcal motL. This being a systematic difference, explains
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and also to decrease the interaction effects. However for
1,2-dichloroethylene these effects are more pronounced
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Figure 2. Principal and interaction effects on the wave function modifications for the energy difference calculations betweeanthians

forms of 1,2-dichloroethylene (1 cal = 4.18 J).
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than in the 1,2-difluoroethylene case. The zero point en- References

ergy contribution for decreasing this stability is, on the
average, the same as the one for 1,2-difluoroethylene sys-
tem, i.e., 0.22 kcal mdl

It is interesting to point out that a similar TLFD per-
formed for the energy difference betweendisandtrans
forms of methyl nitrite (CHONO) showed a different pro-
file compared to the effect values presented here. How-
ever, in all three cases the introduction of polarization
functions was observed to be fundamental for the correct
description of theis conformer as the most stable fot?n

Conclusions

Use of the Two Level Factorial Design exploratory tech-
nique shows how one can obtain a complete visualization
of the individual and interaction effects of wave function
modifications on theis andtrans 1,2-difluoro and -dichlo-
roethylene relative stabilities. Although the principal ef-
fects can be visualized directly from Table 1, the interaction
effects can only be quantified using such approaches. For
the intervals defined by the low and high levels of each
factor defined in this work, one may conclude that: (i) many
results previously pointed out in the literature may be un-
derstood and confirmed with our TLFD analysis, (ii) the
most important effects for the 1,2-difluoroethylene energy
difference are the polarization and diffuse principal effects
whereas for 1,2-dichloroethylene the correlation and polar-
ization principal effects are predominant, (iii) in both sys-
tems the interaction effects are lower than the main effects,
(iv) the zero point energy correction tends to decrease the
relative stability of theisforms by 0.22 kcal mdl for both
systems, (v) the use of experimental geometry tends to over-
estimate the larger effects and to underestimate the lower
interaction effects and vi) the simple change from fluorine
to chlorine in these configurational isomers leads to differ-
ent requirements on the wave function for an adequate de-
scription of the most stable form. This is a good example of
the risk of extending conclusions from one system to an-
other even when they are similar, such as here, where atoms
in different rows of the periodic table are involved.
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