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The conformation dependences of basis set superposition errors (BSSE) for 1.2-difluoroethane (DFE) and 1.2-
dimethoxyethane (DME) molecules have been estimated using counterpoise method at the Moller-Plesset
second order perturbation (MP2) level of theory with various basis sets, assuming that all BSSE dependences
on conformations are due to the change in CC bond. The BSSE on the energy differences between eclipsed and
gauche forms of DFE are in the range of 0.2-1.2 kcal/mol and those between local minima. gauche and anti
forms. are less than 0.2 kcal/mol. For the larger DME molecule, the BSSE differences between local minima
are still less than 0.4 kcal/mol. but may not be ignored compared to the energy differences of 0.2-3.0 kcal/mol

between conformers.
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Introduction

Theoretical studies on conformations imply that using
extended basis sets with diffuse and mmltiple polarization
functions is more important than the high-level treatment of
electron correlations. ™ An acceptable procedure for estimat-
ing the relative energies between conformers in a molecule is
to optimize geometry at the MP2 (or HF) level of theory
using double zeta polarized basis set and perform single
point calculations at MP4 (or MP2) using triple zeta multiple
polarized basis set augmented with one diffuse sp set.** The
variation of the basis set superposition error (BSSE) is
seldom considered in the calculations of conformational
energy differences although it is not difficult to recognize the
existence of BSSE which varies with conformation.* There
are many studies investigating the BSSE in intermolecular
interaction between two closed-shell molecules. but no
svstematic studies for the intramolecular BSSE effects on
conformations have. to the best of our knowledge. been
reported. We suggest a method of estimating BSSE differ-
ences among different conformations and apply the method
to study the BSSE for l.2-difluorcethane (DFE) and 1.2-
dimethoxyethane (DME). Those molecules are selected for
their gauche effect where polar substituents cause the pre-
ferred conformation about a C-C bond to switch from a trans
to a gauche form.

Method and Calculations
One can eliminate BSSE by increasing the basis set until

conformation energy differences converge to the desired
accuracy. but such an approach is slowly convergent and
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viable only for small svstems. The usual practice is to estunate
BSSE for the given basis sets using the counterpoise (CP)
method.*” Although the CP method can be applied separate-
v to every atom in a molecule for all conformations. the
resulting calculation will not be practical for most molecules
of interest. In this work. we evaluate BSSE associated with
the one C-C bond in order to obtain corrections for the
conformational energy differences under the assumption that
this C-C bond contains the major differential BSSE for
differing conformers. Since conformation energy is concern-
ed with the rotation of a single bond in a molecule, the C-C
bond in this case. it is meaningful to estimate BSSE
contained in the interaction energy (or dissociation energy)
of the C-C bond.

The BSSE present in the interaction energy of the C-C
bond can be calculated as

BSSE = EY (A) + ER By — E95 P4y - E47%B) (1)

where the electronic energy of a molecular system A at
geometry (7 computed with basis set &is defined as E;“(M)."
Eq. (1) is exact within the CP scheme where fragments A
and B have constant geometries. Since geometries of
fragments are usunally quite similar among conforners, a
reasonable correction of BSSE for conformational energies
can be obtained by comparing BSSEs calculated by Eq. (1)
for various conformers. The main quantity of interest here is
the variation of BSSE anmiong many conformers and not the
BSSE itself of Eq. (1). When the geometry relaxations of the
fragments are substantial. BSSE and geometry relaxation
should be considered simultaneously. One extreme case is
that of the bonding dissociation energy (BDE). In such
cases. the BDE corrected for BSSE by the CP inethod
(BDE_CP) can be expressed as™’

BDE (P =
EB - - sy v L+ FR Ry )

B A i


mailto:yslee@mail.kaist.ac.kr

1268 Bull Korean Chem. Soc. 2002, Vol. 23, No. 9

where 0 (A) = E9(AY - ES(A) and FE)(B) = E(B)
- la'g(}f) arc the fragment relaxation energics correspond-
ing 1o the cnergy penalty for distorting the fragments from
their isolated geometrics to the ones in the complex. While
there can be many debates about the utility of Eq. (2) as a
better cstimate of BDE in general duc to the presence of
BSSE in the rclaxation prooess of cach fragment. BDE_CP
is used here 1o serve as a comenicnt reference point in
comparing many dillerent conformations. Bond dissociation
is a convenient reference point since the relaxed fragments A
and B arc almost identical [or all conformers. The validity of
the present scheme of using BDE CP of Eq. (2) as the
reference strongly relics on the obscrvation that fragments A
and B differ veny littlc among conformers, ie. rclaxcd
gcometrics of a given fragment arc almost identical among
conformers under consideration although they may differ
substantially from the geometry of minimum cnergy.

The CP correction provides neither upper nor lower bounds
for BSSE.™* We ¢xpect that our approach of employing
the CP mcthod to cstimatc BSSE on the conformational
energy difference is rather reliable since no bond breaking is
involved. We have cstimated the intramolecular BSSE
cffects on the encrgy differences among the (luorine-luorine
gauche. anti. and cclipsed conformations of DFE and cnergy
differences among nine conformers of DME. Both (or DFE
and DME. only the fragmentation and thus the BDE of the
central C-C bond is treated by the CP method.

Elcctronic cnergics of DFE have been calculated at the
MP2 level of theory using 6-311G. 6-311+G. 6-311G(d.p).
6-311++G(d.p). 6-311G(2d.2p). 6-311++G(2d.2p). 6-311G
(3d.3p). 6-311++G3d.3p). 6-311G3dI3pd). and 6-311++G
(3d(3pd) basis scts. These basis scts are scleeted to show the
role of sp diffusc sct denoted by ++ and the polarization
(additional functions in parcntheses) scts explicitly. The
outcrmost d exponent of 0.4373 for the uorine atom and the
outcrmost p exponent of 0.1873 [or (he hydrogen alom have
significant diffusc character in the basis scts. 6-311G(3d.3p).
6-311++G(3d.3p). 6-311G(3df.3pd). and 6-311++G(3df 3pd).
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Density functional theory (DFT) calculations with B3LYP
functionals were performed with 6-311G and 6-311++G
(3df.3pd) basis scts. We optimized geometrics of the DME
molecule at the MP2 level of theory using DY5%* basis scts.
followed by a scrics of MP2 single-point calculations using
extended D93+(2dfp) basis scts. All calculations have been
performed with the GAUSSIANY4 suitc of programs. '

Results and Discussion

A. 1,2-Difluorocthane (DFE). Tablc | shows BDE CPs
corresponding to the fission of DFE into two CFH; frag-
ments for anti. cclipsed. and gauche lorms of the DFE
conformers with the BSSE corrcction. The dilterences of
BDEs between conlormers without BSSE correction arc
cquivalent to the energy dillerences between the conformers
of DFE. The BSSEs in three conformers lor the various basis
scts arc ploticd in Figure | where the abscissa roughly
rellects total number of basis [unctions in the basis sct.
While the absolute valucs ol BSSEs contain many ¢rrors
mainly from rclaxation process. the relative values or trends
arc usclul. The same relative values can also be obtained by
cmploving Eq. (1) without any reference to BDE_CP. The
mtramolccular BSSE decrcases. as the size of basis sct
incrcascs. [rom about 9-10 kecal/mol to about 3 keal/mol,
The decrcase of BSSE is not monotonous since the
contribution of the sp diffusc scts is larger than that of the
additional polarization scts. The BSSE of fluorine-fluoring
cclipsed structure is smaller than that of gauche or anti form
duc to the lact that the distance between CFH: fragments in
the cclipsed form is longer than thosc of other forms as
shown in Table L. reflecting larger repulsions between two F
aloms in the cclipsed structure, The BSSE differences
between two local minima cannot be explained by the C-C
bond lengths. implying the presence of subtle ligand cffects.

The calculated BSSEs in the internal rotation barricr of
DFE (E(cclipsed)-E(gauche)) arc in the range of 0.2-1.2
kecal/imol for the various basis sets. As shown in Figure 2. the

Table 1. The C-C bond lengths (Ree) and the bonding dissociation energies with BSSE correction (BDL_CP)” between the two CELH:
fragments for anti, eclipsed, and gauche forms ot 1 2-ditluoroethane. Bond lengths are in A and energies are m keal/mol

. Anu Liclipsed Gauche
Basis set
Ree BSSL BDL _CP Ree BSSE  BDLU_CP Ree BSSE BDE_CP

6-311G 1.317 10.0 843 1.346 88 7640 1.306 10.0 84.1
(RIALYTY 4.3) (91.3) (3.6) (83.0) (4.2) (91.3)
6-311++G 1318 %2 86.4 1.347 7.6 776 1.303 ]4 86.3
6-311G{dm 1.3135 6.8 91.6 1.347 59 846 1.303 6.6 9.0
6-31 T++G(d g 1316 48 92.8 1.348 4.3 837 1.304 4.9 0934
6-311G(2d.2p) 1.310 37 932 1.343 53 86.3 1.499 36 937
6-311++G(2d . 2p) 1.310 4.1 942 1.343 3 874 1.498 4.1 94.8
6-311G(3d.3p) 1.312 4.4 94.8 1.345 4.1 88.1 1.301 4.3 93.6
6-311++G(3d, 3p) 1.313 38 934 1.345 37 883 1.501 39 96.1
6-311G(3d 3pd) 1.310 33 96.6 1.343 3 2014 1.300 34 97.5
6-311++G(3dF 3pd) 1311 27 973 1.344 26 9204 1.499 2.7 98.1
(BILYPY (0.8) (91.2) (0.8) (84.6) (0.8) (92.2)

“All BDE_CP values are absolute values. “Values from DFT caleulations with B31YP functionals with the basis sct abose are in perenthesis.
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Figure 1. BSSLs m the anli. gauche, and eclipsed structures of the
I . 2-difluoroethane (DFE) tor various basis sets.
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Figure 2. The barrer height for the mternal rotation, F{eclipsed)-
E{gauche), of DFE at the MP2 level of theorv usmg various basis
sels.

BSSE corrections always decrease the barrier since the
BSSE is smallest in the eclipsed form. The sp diffuse sets
also decrease BSSE significantly and increase the barrier by
about 0.3 keal/mol uniformly. However. the BSSE effects on
the energy difference between two local minima. gauche and
anti structures. are relatively small. being less than 0.2 keal/
mol. The BSSE effects on the energy differences. E(gauche)-
E(anti). plotted in Figure 3 suggest an interesting feature
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Figurc 3. The gauche errect, F(eauche)-E(antr). of DFFE at the MP2
level of theory using various basis sets.

about the role ol sp diflusc scts. Previous theoretical studics
for the DFE molccule indicate that the sp dilTusc functions
arc crucial for the accurate cstimate of the AE(E(gauche)-
Eanti)) valuc.>'* which is certainly truc for the basis scts of
modcrate sizc in popular usc. The change of AE from 6-
311Gd.p) to 6-311++G(d.p) is -0.50 kcal/mol. which is
larger in magnitude than the change of AE. -0.20 keal/mol.
from 6-311G(d.p) to 6-311G(2d.2p) basis sct. However. the
BSSE corrccted value for the former casc is -00.25 keal/mol
and that for the latter casc is -0.20 keal/mol. [t appears that
the sp diffuse function plays a major role in the limited
region of basis set size due to the intramolecular BSSE.

The CP corrected results for the DFE in the case of using
pure sp basis sets are not consistent with large basis set
results. which implies that there are remaining basis set
incompleteness errors in the CP corrected results. Most of
those basis set incompleteness errors disappear after adding
one polarization function.

In the DFT calculations. the magnitude of BSSE is smaller
than that of MP2 ones especially for the small basis. The
effects of BSSE on relative energies are also sinaller in DFT
than in MP2.

B. 1.2-Dimethoxyethane (DME). We have performed the
calculations for the DME inolecule using the same pro-
cedure as the DFE case. The DME niolecule can be formed
by substituting -OCH3 for the F atom of DFE. The ground
state structures of ttt and tgg2 conformers (t for trans- and g
for gauche- form) are shown in Figure 4. In DME. the
energy differences among conformers are obtained from the
BDE_CPs of twwvo CH-(OCH;) fragments. The saine energy
differences can also be obtained by correcting the total
energies of conformer with the corresponding BSSE calcu-
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Figure 4. The tt. (gl Ug. (ggl. 1gg2. glgl. glg2. ggel. and ggg?
structures of 1 2-dimethoxvethane (DME).

lated by Eq. (1) for each conformer. Jaffe er a/.* calculated
the conformational properties of DME using ab initio
approaches by optimizing the molecule at the HF level of
theory using D93** basis set and performing the single-
point energy calculations at the MP2 level of theory using
the larger D95+(2df.p) basis set. In order to estimate the pure
BSSE effect. we reoptimized the molecule at the MP2/
D93** level and calculated MP2/D93+(2df.p) energies at the
optimized geometries.

‘lable 2 sumumarizes the relative energies of various con-
formers compared to that of the ttt form. The MP2 energy
differences between conformers are only slightly affected by
the geometries emploved. The MP2 energy differences
calculated at the HF geometries from those at the MP2 ones
by less than 0.18 kcal/mol. as shown in Table 2. The
estimated error originating from the intramolecular BSSE
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Table 2. Calculated relative energies for various contormers ot the
DMLE molecule. Units are mn keal/mol

MP2/ MP2/ MP2/

Confor- _ . N X i 2
YO3+(2dI; YOS4+2dL ISSE D93 HYCPY
iy D9FH2ALp)  DYSH2ALp) BSSE DISH2ALpXCPY

MDY HIMP2AD95™ 1IMP2/1395”
jans (.00 .00 (h.0) 0.00)
tet 0.15 021 0l 0.32
tte .43 147 0.10 .57
tegl .51 |46 0.35 181
tog2 0.23 0.29 0.40 0.69
ote 331 3.07 0.13 2.20
ote 308 2.94 0.13 307
ool .64 1.46 031 1.77
o0 .86 1.82 0.19 201

“I'he BSSE conecled relative values emploving the CP procedure
explained in the text.

becomes as large as (.40 kcal/mol. even for the D93+(2df.p)
basis set. Since the energy differences among conformers are
in the range of 0.2-3.1 kcal/mol. BSSE cannot be ignored in
all cases. The magnitude of BSSE for the C-C bond of the
conformers with the gauche conformations in the middle are
generally larger than those with the trans ones. partly
because the distances between -OCHj; [ragments are shorter
in the former cascs. The BSSE correction by the CP method
increases the relative energics in all cascs. indicating that the
intramolecular BSSE is minimum for the ground (it structure
among the conformers.

The relative populations of conformers from the simple
Bollzmann distribution cquation at 273.15 K arc listed in

Table 3. Relative populations of DME contormers at () °C

Conformation MI,JZ/. . {\APZI‘ . - Ml-i:f
(deaeneracy) D93+(2dL P ) L)9:>+(2dt.,;2 J DYS+H2dS ,p)((:“l-’)"
o S DY HNP2/DY5 HMP2/D935
1) 1.00 1.00 1.00
tgt(2) 1.35 1.36 1.11
tte(4) 0.29 0.27 0.22
lgglih) 0.25 0.27 0.14
lgg2(4) 202 2.34 1.12
glgl(2) 0.01 0.01 0.01
glg2(2) 0.01 0.01 0.01
aggl(2) 0.10 .14 (.08
ggg2(4) 0.13 .14 (.10

"The BSSE corrected relative values emploving the CP procedure
explamed in the text.

Table 4. The relative eneraies of the tgt and tag?2 torms to the
contormer tor the DME molecule using vanous basis sets at the
MP2/D95** geometrics. Units are keal/mol

Conformatio N3+ N3+ NDY3++ 6-311+G
onformation dp) 2d.2p) dp) dp)
tut 0.000 0.000 0.000 0.000
tat 0.297 0.376 0.272 0.281
tag2 0.233 0.233 0.241 0.334
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Table 3 using cnergies with and without BSSE corrections.
The population changes arc remarkable in two 1gg forms. In
particular. the 1gg2 population calculated as the most popular
conformer without BSSE corrections™” is reduced by a
factor of about 2. and becomes similar 1o 1gt or it popu-
lations.

To the best of our knowledge. the appropriate correction
procedure for the intramolccular BSSE has not been pre-
sented at the correlated Ievels of theory. Although there are
limitations and arbitrarincss in the present approach of
treating only the central C-C bond to be regarded as a
gencral method of estimating the intramolecular BSSE. we
have demonstrated that the sysiematic studies on the onc-
particle basis sct cflccts on conformational encrgy diflerence
arc possible and could be importani.

The previous study of DME by JalTe e a/.* tested the basis
sct perlformance only for the relative energics of the (gl form
1o the ttt one. We have alse included the (gg2 form as well as
the 1g1 conformer in the basis sct study as summarized in
Table 4. Although the relative energies of the (gt conformer
do not vary substantially with the change of the basis scls.
which is in linc with Jaflc ef @/.’s resulls. the enlargement ol
the basis sct Lo triple-zcta quality incrcases the relative
cnergy of the tgg2 conformer from 0.229 keal/mol (o 0.334
kcal/mol.

Conclusions

We have investigated the cffect of the intramolccular
BSSE in the conformational energy dilferences lor the DFE
and thc DME molecules. The BSSE cilccts on the encrgy
diffcrence between (wo local muimima. gauche and anti
structurcs. of DFE arc small. lcss than 0.2 keal/mol. for the
the basis scts of various sizcs. The cstimated BSSE becomes
as large as 040 kcal/mol in the DME casc. ¢ven for the
extended basis sct of D93+(2d(p). According to the present
estimalte. the intramolecular BSSE can become a source ol
error in the evaluation of the conformational energy differ-
ences even for the molecules of the moderate size such as
DME. Whenever there are many conformations in the same
energy range. a careful estimate of BSSE is highly desirable.
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