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Description of C(sp?)—C(sp?) Rotation in Butadiene by Density Functionals
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The torsional potential of 1,3-butadiene has been calculated using several ab initio methodologies. For each
value of the G=C—C=cC torsional angle, the fully relaxed geometry and energy have been determined using
the Hartree-Fock (HF) method, Meller—Plesset perturbation theory up to the second order (MP2), and the
coupled-cluster method with single, doubles, and parethentical triples (CCSD(T)), as well as using several
exchange-correlation combinations of functionals in density functional theory (DFT) calculations. From the
results obtained, the achievements and drawbacks of current density functionals in the description of torsional
profiles have been rationalized, and some possible breakthroughs have been proposed to improve their
performance.

1. Introduction compared to the more costly G2 methddThe torsional
Nowadays, conformational analysislays a central role in POte”t"%' of 1,3-butad|ene_ IS m?'”'y _controlled by tW(.).k'nd of
interactions. The electronic-conjugation tends to stabilize the

the field of chemical applications. It is not until recently that . ;
quantum chemical methods have been applied successfully tocoplanar conformers, and the unfavorable steric, nonbonding,

the understanding of conformational concepts (see, for inst<';1nce‘aﬁeb(its are flargely the respoInS|bII¢Ia %f the arp])peafrance ofa kjecond
refs 2-7 for the present state-of-the-art strategies). Indispensablej[al e_bcon ormer, (lzomqunon y ca el gauche. Il E;':g IS able tod
for such pursuit is the existence of highly accurate theoretical 9€SCM€ accurately the torsional potential of butane an
methodologies, embedding the most important correlation 1-butene, the discrepancies are probably not due to the possible

effects, such as coupled-cluster théo# or composite methods ~ €770rS in the description of nonbonding interactions but to the
based on it: and one-particle basis sets providing a systematic deScription of the partiat-bond breaking. Taking into account
asymptotic behavior toward the basis set limit, namely, the cc- the previous points, the analysis carried out along this work

pVnZ sequence (see ref 12 for a recent review). This double will shed light on the applicability, and predictive usefulness,
convergence is possible to be achieved, with the presentOf DFT methods in the calculation of the torsional potential of

available computational resources, in molecules of only moder- conjugated molecules, choosing the 1,3-butadiene as the most

ate size,3~18 but to obtain results for larger molecules, it is representative prototype.
necessary to roughly truncate the space expanded by the basis i
set as well as the level of correlation energy treatment. Hence,2: COmputational Methods

density functional theory (DFT);-2* demanding less computa- The program package GAUSSIAN®8vas used for all the

tion effort, could be an alternative for the study of conforma- electronic structure calculations. Fully relaxed torsional poten-

tional properties if the major part of the effects covered by ab tials were imposed for the €C single bond rotation, which

initio methods were also included through its Ketfsham means that for each fixed value of the=C—C=C dihedral

implementatiorf> On the other hand, DFT is not plagued by angle, all the other geometrical parameters were optimized. The

the basis set convergence slowness showed by the ab initiGipternal angle was regularly changed by increments & 10

methods since the asymptotic regime of the basis set is reacheqyhich leads to a regular and tight grid of rotational angles. As

earlier’>?” By all these reasons, DFT has emerged as a our intention is to test the reasons of the previously reported

promising tool for many chemical applications, including the fajlures, we have splitted the exchange-correlation functional

field of conformational analysis. Whereas DFT has been applied into its constituent parts. Accordingly, the following expression

extensively to compute the torsional potential of a variety of serves us to define the chosen composition for the functionals

systems?~*! the quantitative evaluation of torsional profiles  employed along this work:

of conjugated molecules remains unsolved. Even for the simplest

conjugated hydrocarbon, 1,3-butadiene, it is not well understood _ HF LDA —LDA non-LDA A =B

why DFT common functionals failed to calculate, as accurate Ecle] = AwE" TAT BT A ABCF

as desired, the torsional curves. Closely related systems such APA ESPA + ATOTEPA ELYP (1)

as styrene, biphenyl, or stylbene are also affected by a similar

error3+35so a detailed study deserves to be done. Moreover, From a pure DFT point of view it should be noted that,

application of DFT to butan&3*%371-butene’**or related pjstorically, exchange and correlation functionals are designed

systgms’al which involves C(SQ_C(SPQ’) or C(sp)—C(sp) and optimized by fitting against accurate reference values, in

rotation, respectively, has provided a good overall Uity sych a way that they altogether provide a reasonable description
. A — of the exchange and dynamical correlation effects. Despite this
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* Also at the Departamento désiaa Aplicada, Universidad de Alicante, ~ Practical aspect, we are trying to isolate if the detected anomalies
03080 Alicante, Spain. are due to an incomplete treatment provided either by the
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TABLE 1. Summary of the Composition of the Functionals TABLE 2: Relative Stability of the Stationary Points (in
Used in This Work According to Formula 1 of the Text kcal/mol) with Respect to the Global s-trans Minimun?
abbrev. Age ADA - ATOMLDA - ALDA - pOmTLDA o method s-cis gauche TS
(A) Exchange Only cc-pvVDZ
Xo - 100 - - - 46 HF 4.08 3.37 (393 6.25 (101.4)
B - 100 1.00 - - 47 MP2 3.64 3.07 (357 6.44 (101.0)
B3 0.20 0.80 0.72 - — 48 CCsD 3.45 2.95 (369 5.74 (101.0)
BHandH 0.50 0.50 050 - - 50 CCSD(T) 3.43 3.05(33% 6.06 (100.58)
(B) Exchange-Correlation Xa 4.15 3.92 (289 8.36 (99.6)
B 3.92 3.88(20.5 7.64 (97.9)
SVWN - 1.00 - 1.00 - 51,52
B3 3.92 3.75(33.9 7.20 (99.9)
BLYP - 1.00 1.00 - 1.00 47,53
BHandH 3.94 3.58 (28%) 6.68 (98.9)
B3LYP 0.20 0.80 0.72 0.19 0.81 48,53
BHandHLYP 050 050 050 - 1.00 50,53 HP-LYP 4.08 3.35(382 6.60 (101.9)
an - - : : , SVWN 3.99 3.80 (27.9) 8.36 (99.8)
exchange or correlation or by both functionals simultaneously. EI:EZ\I;P ;33'33 g% (égg 3'615(1) 886323)
By this reason, Table 1 presents Fhe composition of t_he BHandHLYP 304 358 (27'?0 700 (99_2;)
exchange-only and exchange-correlation functionals, including V17
. . cc-p
al]owed mixing with exact HartreeFock (HF) exchange that HE 4.31 3.50 (403 6.23 (101.)
will be used along the rest of the work. For the exchange part, s 370 3.07 (359 6.50 (101.3)
we have selected the local Xunctional® recommended when ccsp 367 3.16 (34.9 5.98 (101.1)
the LDA exchange is used without a correlation functional, as  CCSD(Ty 3.60 3.18(35.9 6.30 (100.7)
well as the well-known functional developed by Becke#B) Xa 4.24 3.84(31.9 7.89(99.7)
because of its prolific and extended use. Guided by the amount 53 i-gi 53’-?3 %:GL-“’) Z-éé (gg-g)
of exact exchange in the B3PW9L1 original 3-parameter hybrid BHandH 4.07 3'63(35'8 6.47 (99'8)
ional#84°we define in a similar fashion the B3 exchange an ' 53 (3577 47(39.8)
funct!onal, “we . ! 9 HF-LYP 4.30 3.49 (39.9 6.63 (101.7)
functional simply by neglecting the correlation term of the SVWN 4.08 3.71 (309 7.96 (99.7)
original expressionA;"* = Al°"°* = 0). This B3 ad hoc BLYP 4.07 3.90(26.3 7.53(97.4)
functional has a 20% of HF exchange, lying between the pure EE"—YZHLYP ‘2% 33-255(%%3 Z-gg (519861)1
B and the equally mixed BHandH functional. For BHandH and expin 4.00 284 (347 5 93( 1)

BHandHLYP, neither of these is actually the formulation
proposed by Becke in his pag@but our intention is to establish #Optimal angle (in deg) in parenthesésc-pVDZ for hydrogen
an equal mixing of HF and B exchange in order to test the ams-Taken from ref 59.

influence of the portion of the HF exchange introduced.
Although the above-mentioned paper reveals a second formula-
tion involving slightly different coefficients, we restricted
ourselves to a maximum weight of 50% for the HF contribution PV C )
of the exchange hybrid functional selected. For composing the CO'€ approximation, were performed specifically for this work,
exchange-correlation functional, we add the local VWN to the while t_he remaining ab initio results were taken from the
X, functional, resulting the SVW&:52entry of Table 1. LYP extensive recent study carried out by the autHors.
correlation functionaf completes the B, B3, and BHandH
exchange to give the labeled BLYP, B3LYP, and BHandHLYP.

be included for completeness. Among them, the very costly
CCSD/cc-pVTZ and CCSD(T)/cc-pVTZ calculations, keeping
fixed the cc-pVDZ on the hydrogen atoms and with the frozen

3. Results and Discussion

Other tested correlation functionals, P8&nd PW914° did not The viability of density functional methodologies to the
bring any additional information so that they are excluded from description of the problem of the partial double bond breaking
the results presented here. is shown in Table 2 for all the basis sets and the combinations

Zero-point vibrational energy corrections to the energetics of exchange and correlation functionals used in this work. The
of the system were not considered because our purpose is texperimental gas-phase barriers comes from ref 59. These are
emphasize the relative performance of DFT functionals, with based in the assignments of the observed Raman transitions and
respect to ab initio methods, more than to compute thermal their fitting to a one-dimensional potential. For both basis sets,
corrections to the torsional potentials. Residual scalar relativistic, cc-pVDZ and cc-pVTZ, the first group of entries summarizes
core correlation, and other secondary contributions were notthe ab initio energies (in kcal/mol) of the different stationary
quantified because of their expected minuscule influence. To points relative to the energy of the global s-trans minimum using
explore the dependence of the results with the basis set andHF, MP2, CCSD, and CCSD(T) methodologies. The second
consequently, to show the invariance of the conclusions reachedblock of values shows the results of exchange-only calculations,
under changes in the one-particle expanded space, the calculanamed X, B, B3, and BHandH, respectively, whereas the third
tions were performed with the standard correlation-consistent one presents the effect of the correlation functional added to
polarizedn-tuple basis s&%6 cc-pVnZ. Specifically, the cc-  the HF, X,, B, B3, or BHandH exchange. All these calculations
pVDZ and cc-pVTZ basis set were utilized, whose schemes arewere run in the specific DFT routine of the GAUSSIAN98
[83s2pld/2slp] and [4s3p2d1f/3s2pld] for the [C/H] atoms. There package.
is a general agreement in the fact that for computing DFT  An examination of the DFT results listed in Table 2 indicates
molecular relative energies, a basis set of spdf quality is usually that there is a clear separation between the accuracy of the
sufficient to get the asymptotic regimf&Of course, the same  s-trans/s-cis energy difference on one side and the s-trans/gauche
is not true for ab initio methods without assistance of extrapola- and s-trans/TS one on the other. Amazingly, all the DFT results
tion technique$® Finally, calculated DFT torsional potentials met the stringent “calibration accuracy” energetic criteda (
can be compared with available experimental reS8lsyt in 0.24 kcal/mol of errdf) for the s-trans/s-cis difference, but the
order to get a proper understanding of the performance of same cannot be said for the entire torsional potential when
exchange-correlation functionals, ab initio calculations should rotation is investigated. It has been shown that to describe
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correctly the loss of the partial double-bond character of the values, but it is also true that an additional lowering of the
central C-C bond upon rotation, the inclusion of electron relative energies occurs when HF exchange is incorporated into
correlation at high level is necessdryThe nonplanarity the functionals. From B to BHandH, the improvement of the
introduced by the rotation breaks the electronic delocalization AEs_yans/ts barrier height is found to be 0.96 and 0.64 kcal/
and only a sophisticated treatment of the electron correlation mol for the cc-pVDZ and cc-pVTZ basis sets, respectively.
effects is able to include properly the consequences for the Astonishingly, the incorporation of electron correlation, either
energetic profil€. Systematic application of the CC/cc-pvnZ in the HF or in the exchange-only schemes, produces an
methods would lead to the dual convergence of the correlation increment of~0.4 kcal/mol for the barrier height and, hence, a
corrections to the HF energy and of the completeness of theworsening of the final results. The BLYP/cc-pVDZ and BLYP/
basis set. But DFFand this is one of its major inabilities cc-pVTZ errors of 2.2 and 1.6 kcal/mol are few times larger
cannot be interpreted under the same reasoning. Although eachthan the magnitude of any conceivable uncertainty for the
functional should converge to a particular value regarding the theoretical predictions. On the other hand, the “calibration
completeness of the basis set, there is no possibility to judge if accuracy” for the s-trans/TS energy difference seems to be
there would be a systematic improvement toward the exact reached in conjugated molecules only with ab initio methods.
values. Rather than test the convergence of exchange-correlatiorThese facts preclude the indiscriminate use of common DFT
functionals, we aim for an interpretation of the wrong computed functionals when an accurate description on the whole range
results for the s-trans/gauche and s-trans/TS energy differencesof torsional angles is needed.

The DFT errors for the s-trans/s-cis energy difference are in ~ Finally, with the above points in mind, we represent graphi-
the region of 0.+0.2 kcal/mol, with independence of the basis cally in Figure 1 the effect of the HF exchange on the s-trans/
set or exchange-correlation functional employed. Moreover, the 9auche and s-trans/TS energy differences. Along the horizontal
portion of HF exchange on the exchange functional does not axis, we list the portion of HF exchange introduced, in exchange-
alter significantly the results (the maximum difference being ©nly calculations, in order of increasing approachness toward a
0.1 kcal/mol between B/cc-pVnZ and BHandH/cc-pVnZ), and Pure 100% HF exchange. Along the other, we list the de-
even the inclusion of the LYP correlation functional also does crease in the mentioned energy differences, with respect to the
not modify the corresponding HF or DFT results (the maximum Becke values, caused by the amount of HF exchange. Figures

difference being less than 0.1 kcal/mol between B/cc-pVnZ and 2 and 3 are still more illustrative in the sense that they provide
BLYP/cc-pVnz, for example). a clear visual picture of the noticed effects. Figure 2 compares

the DFT exchange-only torsional potential with the HF curve
for the cc-pVTZ basis sets. On the other hand, the effect of
adding the LYP correlation functional can be inspected from
Figure 3.

The situation markedly changes when the s-trans/gauche
energy differences are examined. The DFT exchange-only
results range from 3.6 to 3.9 kcal/mol, which is roughly 1 kcal/
mol above the exact value aned.5 kcal/mol above the other
ab initio results, and the inclusion of the LYP correlation
functional gave newly almost similar results. The point to note 4- On the Performance of DFT

in this case is the influence of the HF exchange as a part of the T analyze the previous findings, the physical description of
hybrid functionals. The energy differenaeEs-wansigauched®-  involved electronic effects will be considered in the following
creases systematically following the sequence-BB3 — through changes in some selected geometrical parameters. The
BHandH, irrespective of the basis set used, and, as a consegependence of the central bond length on the torsion is usually
quence of the previously commented negligible importance of chosen as indicative of the conjugative effects. These effects
the correlation fUnCtionaI, also for the related BLYPB3LYP are maximum in the Cop|anar forms (for a torsion ang|e of 0
— BHandHLYP results. It is worth to mention that neither DFT or 180), having at these geometries the central bond |ength its
nor coupled-cluster methods are able to reach the “calibration minimum value due to the partial double bond character. On
accuracy” for the s-trans/gauche energy difference. Regardingthe other hand, in the s-cis conformation the=C—C angle
the localization of the second minimum, the DFT optimal should be larger than in the s-trans isomer because of the needed
torsional angles for the existence of the gauche conformer aregpening to avoid as much as possible the steric interactions
generally smaller than those of the correlated ab initio methods. petween nonbonded hydrogens. Deviations of the DFT com-
Once again, the wrong trend is corrected with the successiveputed geometrical parameters with respect to ab initio results
increment of the HF exchange in the composition of the will give us information about why the DFT methods differ in
exchange-only or exchange-correlation functional (the BHandH/ the treatment of steric and conjugative effects.
cc-pVTZ and BHandHLYP/cc-pVTZ values are very close to 1o ynderstand the effects due to conjugative interactions, we
their CCSD or CCSD(T) counterparts). The definitive role of pgye compared in Table 3 the calculated cc-pVTZ DFT
the HF exchange is evidenced through the inspection of the |aStexchange-onIy €C bond lengths and €C—C angles for a
column of Table 2. few selected intermediate geometries with HF, CCSD(T), and
It is assumed that the Xor the SVWN functionals, based HF-LYP values. It has been found previoi8lthat all gradient-
on the description of the homogeneous electron gas, are acorrected exchange functionals lead to bond lengths which are
deficient starting point to compute the s-trans/TS energy too long. The lengthening of the DFT exchange-only bond
difference and then the errors of more than 2 kcal/mol may be distances is related to the fact that Becke’s functional produces
attributable to this fact. The reasons why density-gradient a charge displacement toward antibonding regf8n% If the
corrections improve atomization energies or barrier heights hasdensity decreases in the bonding region, the obvious conse-
been recently rationalizeéd It was shown that whenever abond quence is the increasement of the internucleaiCQlistance.
is stretched and/or partially broken, the contribution of the Consistently, the progressive incorporation of the HF exchange
gradient corrections in the exchange-correlation functional compensates this effect for all conformeric structures. The LYP
increases, thus improving the description of, for example, functional shortens systematically the HF internuclear distances
torsional potentials. In fact, the use of the Becke functional so that the use of the HF-LYP scheme is a backward step for
corrects the local exchange results toward the experimentalthe calculation of equilibrium distances, as can be seen in Table
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Figure 1. Influence of the HF exchange in the decreasement of the s-trans/skew and s-trans/TS energy differences.

3 and as have been noted previolfSiy> Normally, when the results and in the well-predicted BHandH value for the s-trans/
bonds become larger, the angles are closed because the hybridS barrier height (the BHandH barrier is the closest to the
orbitals get less s-characf&rbut this is not the case for the  CCSD(T) one), we can definitely correlate the larggt. —
s-cis conformation. Becke exchange slightly overestimates stericrg 2" difference with the overestimation of the s-trans/TS
effects and it might be expected that these unfavorable interaC-energy difference. The overestimation of the Becke exchange
tions to drop off rapidly as the torsional angle moves away from contribution to the atomization energy has been shown to be
0°, explaining the lower angle of the Becke value for the gauche especially significant for multiple-bonded diatomic molecites,
conformer. and it was argued that the reason was the extra Fermi correlation,
With respect to steric effects, Table 4 presents the dif- between like-spins electrons belonging to different molecular
ferences between s-cis and s-transdistance for the cc-  orbitals, introduced by Becke’s functional. This general overbind-
pVTZ basis set. Theg € — rg '™ values corroborate the ing is related, as it has been recently illustrsedp the
conclusion about the treatment of steric effects by Becke delocalized character over several atomic centers of the ex-
exchange functional because the larger difference is found tochange hole in molecular systems, which cannot be mimicked
be 0.0153 (A) whereas greater HF exchange percentage of theny a exchange functional sampling density information only at
hybrid functional brings the values to their correct CCSD(T) the reference point (the exchange hole might have different
result. structure for points’ on other centers). The delocalized nature
We will now focus our attention on the reasons why DFT of z-bonds in the coplanar conformers reflects also in a
calculations of the s-trans/TS barrier height do not agree delocalization of the exchange hole that, as explained in ref
significantly with experimental or ab initio references. The 67, is poorly described by Becke's functional. This is the
differences between the calculated bond lengths in the top of ultimate reason DFT calculations employing Becke’s exchange
the curve and in the s-trans conformatiop>¢ — ri_'@" are functional overestimate the energies of the coplanar forms with
also given in Table 4. The inclusion of the MP2 results fills the respect to the noncoplanar structures and, hence, produces an
gap between uncorrelated HF and CCSD(T) methods. Theartificial larger value for the s-trans/TS barrier height. The
predictions of all the ab initio methods are sensibly different to previous conclusions can be visualized in Table 5, which
that of the Becke functional since, in an exchange-only scheme, presents the magnitude of the HF and Becke exchange energies,
the use of this functional provided the largest difference (0.0357 the later calculated at the HF optimized geometry, as well as
A represents a relative error of 32.2% with respect to the CCSD- the corresponding absolute error. As it can be observed, the
(T) value). If we center our attention in the difference between exchange energy provided by the Becke functional is always
B (0% of HF exchange) and BHandH (50% of HF exchange) greater than the exact values with a maximum deviation for
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Figure 2. Torsional potential of 1,3-butadiene using exchange-only functionals. Employed basis set: cc-pVTZ.

the s-cis and s-trans isomers. The work carried out here allowsthe delocalization energy would not be so influenced by the
clarifying the performance of the Becke functional and serves use of Becke’s exchange functional. Second, the application of
to enhance the level of knowledge about this effect reached sinceexchange-correlation functionals that goes beyond the conven-
now. From the calculations, the reasons of the failures are tional gradient approximation by including contributions from
examined, using exchange-only and exchange-correlation schemeshe laplacian of the density or from the kinetic energy density
and the errors due to the use of the Becke exchange are(*meta-GGA” in the usual nomenclature) should help in the
rigorously quantified. assessment of the performance of the functionals for the
There exists, in our opinion, few possibilities to overcome treatment of stabilizing conjugative effects. It has been suggested
the deficiencies encountered in the application of DFT to that the reliability of DFT methods for computing activation
torsional profiles of conjugated systems. Systematic optimization barriers strongly depends on the exchange functitnéd being
of the majority of the gradient-corrected exchange or correlation usually the hybrid methods the preferred election. Recent and
functionals, regardless of how they are determined, is defined pioneering studies on several activation barriers with the newer
by fitting the involved parameters on a atomic and/or molecular exchange-correlation function&fs®” showed the same quality
calibration dat&%:6° This is the usual procedure employed last than the hybrid functional employed. Encouraged by these
by several of the developer groups of exchange-correlation results, we are mainly interested in two directions for a proper
functionals (Becke et af850.67.7674 Scuseria et af® Filatov understanding of the performance of DFT to difficult cases as
and Thiel’®77 Perdew et al’88° Handy and Tozer et at 85 the description of the torsional potential of conjugated mol-
and Salahub et a5 among others). The most used calibration ecules: extension of the present work to closely related mole-
set is based in the G2 thermochemical d4f&;%8which consists  cules and application of “meta-GGA” functionals to the problem
of a relative large number of heats of formation, ionization of torsional potentials.
potentials, electron affinities, proton affinities, and total atomic
energies. In addition to energetic data, gradient and exchanges. Conclusions
correlation potential data have been recently added in the
optimization procedure. We propose to include in the reference  From the results of the previous sections, several conclusions
data of choice the accurate reproduction of the entire torsional can be drawn regarding the performance of DFT calculations
profile of 1,3-butadiene, as a first step. Another heterobutadieneon torsional profiles in conjugated dienes:

rotamers?® accurately studied (as glyox&Initrosoformaldehyde
or N-nitrosomethanimirf®), could also be included for com-

1. There is a general trend in the exchange-only and ex-
change-correlation calculations of better torsional profiles as

pleteness although their conjugation is smaller and, therefore,the percentage of the HF exchange is increased from 0%
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Figure 3. Torsional potential of 1,3-butadiene using exchange-correlation functionals. Employed basis set: cc-pVTZ.

TABLE 3: Dependence of Some Selected Geometrical
Parameters on the Torsion (Bond Lengths in A, Angles in

degp

method rc.c C=C-C method rcc C=C-C
0° HF 1.4780 12720 B 1.4965 128.33
CCSD(T) 1.4733 126.35 B3 1.4904 127.94
HF-LYP 1.4565 126.54 BHandH 1.4869 127.21
30° HF 1.4763 126.12 B 1.4974 127.16
CCSD(T) 1.4724 125.11 B3 1.4909 126.79
HF-LYP 1.4548 125.43 BHandH 1.4864 126.58
60° HF 1.4778 12492 B 1.5040 125.73
CCSD(T) 1.4788 123.83 B3 1.4960 125.43
HF-LYP 1.4570 124.38 BHandH 1.4908 125.27
90° HF 1.4869 12459 B 15157 125.25
CCSD(T) 1.4853 123.74 B3 1.5067 125.04
HF-LYP 1.4649 124.29 BHandH 1.4977 124.55
120¢ HF 1.4856 12426 B 1.5115 124.93
CCSD(T) 1.4838 123.67 B3 1.5034 124.72
HF-LYP 1.4636 124.02 BHandH 1.4977 124.55
150 HF 1.4724 124.06 B 1.4920 124.85
CCSD(T) 1.4687 123.60 B3 1.4860 124.61
HF-LYP 1.4509 123.75 BHandH 1.4821 124.41
180¢° HF 1.4645 124.02 B 1.4812 124.87
CCSD(T) 1.4595 123.62 B3 1.4761 124.62
HF-LYP 1.4432 123.73 BHandH 1.4732 124.40

aBasis set employed: cc-pVTZ.

(Becke), to 20% (B3), to 50% (BHandH), up to 100% (HF).
This behavior is attributable to the overestimation of Fermi

TABLE 4: Differences between the Calculated s-cis and TS
Central Bond Length (in A), with Respect to that of the
s-trans Isomer, and Relative Error (in %) Referring to the
CCSD(T) Valueg

method ~ rS S — S tans & res . — rtans &

HF 0.0135 —2.2 0.0236 —-12.6
MP2 0.0140 +1.4 0.0264 —2.2
CCSD(T) 0.0138 0.0270

HF-LYP 0.0133 —-3.6 0.0229 —15.2
B 0.0153 +10.9 0.0357 +32.2
B3 0.0143 +3.6 0.0318 +17.8
BHandH 0.0137 -0.7 0.0280 +3.7

aBasis set employed: cc-pVTZ.

s-cis energy difference of 1,3-butadiene is accurately predicted
by B, B3, or BHandH mixings, since this overestimation occurs
almost in the same amount for both conformers. In contrast,
the s-trans/gauche and the s-trans/TS energy differences are
severely overestimated when Becke exchange is used because
of, in this case, the overestimation mainly affects the s-trans
conformer.

2. For apparent reasons, the torsional profiles éf-sp® or
sp’—sp? C—C bond rotation will not suffer from the above
problems, and previous works have confirmed the good overall
guality of DFT calculations on these systems, including Becke
exchange.

3. As it has been reported in previous studies, a side effect

correlation characteristic of Becke’s exchange functional when- of the above-mentioned fact is that Becke exchange tends to
ever the delocalization of the exchange hole is important, as enlarge the bond distance. Again, this effect is more important

with coplanar 1,3zdiene bonds. This explains why the s-trans/

for either the s-trans or s-cis conformers than for the transition



C(sP)—C(sp) Rotation in Butadiene

TABLE 5: Exchange Energies (in au) Calculated Using HF
or Becke Functional at Few Selected Intermediate
Geometries and Absolute Errors (in kcal/mol) for Becke’s
Functional®

24 E ca
0° —22.87077 —22.88250 7.36
30° —22.86995 —22.88109 6.99
60° —22.86835 —22.87821 6.19
90° —22.86713 —22.87644 5.84
100 —22.86713 —22.87647 5.86
12¢ —22.86784 —22.87762 6.14
150 —22.87017 —22.88099 6.79
18C¢ —22.87125 —22.88274 7.21

aBasis set employed: cc-pVTZ.

state and explains the results of Tables 3 and 4 for th€ C
bond length.
4. The effect of the LYP correlation functional is somewhat

J. Phys. Chem. A, Vol. 105, No. 51, 20011547

(21) Parr, R. G.; Yang, WDensity-Functional Theory of Atoms and
Molecules Oxford University Press: New York, 1989.

(22) Dreizler, R. M.; Gross, E. K. UDensity Functional Theory: An
Approach to the Quantum Many-Body Proble®pringer-Verlag: Berlin,
1990.

(23) Kohn, W.; Becke, A. D.; Parr, R. Q. Phys. Chem1996 100,
12974.

(24) Baerends, E. Jheor. Chem. Ac200Q 103 265.

(25) Kohn, W.; Sham, L. JPhys. Re. A 1965 140, 1133.

(26) Scheiner, A. C.; Baker, J.; Andzelm, J. WComput. Chen1997,
18, 775.

(27) Martin, J. M. L. InDensity Functional Theory: a Bridge between
Chemistry and Physic&eerlings, P., De Proft, F., Langenaeker, W., Eds.;
VUB University Press: Brussels, 1999.

(28) Rothlisberger, U.; Klein, M. LChem. Phys. Let1994 227, 390.

(29) Oie, T.; Topoal, I. A.; Burt, S. KJ. Phys. Chem1995 99, 905.

(30) St.-Amant, A.; Cornell, W.; Kollman, A.; Halgren, T. A. Comput.
Chem.1995 16, 1483.

(31) Rothlisberger, U.; Laasonen, K.; Klein, M. L.; Sprik, M.Chem.
Phys.1996 104, 3692.

(32) Borrmann, A.; Jones, R. @hem. Phys. Lettl996 252 1.

(33) Mannfors, B.; Koskinen, J. T.; Pietila, L.-O.; Ahjopal, 1. Mol.

independent of the exchange, since the weight of the correlationStruct. (THEOCHEM)1997 393 39.

potential to the effective KS potential is quite small, with an

overall worsening with respect to the exchange-only results for

the s-trans/TS energy difference.
5. One possible solution for the poor torsional profiles com-

(34) Karpfen, A.; Choi, C. H.; Kertesz, M. Phys. Chem. A997 101,
7426.

(35) Choai, C. H.; Kertesz, M.; Karpfen, Ahem. Phys. Letl.997, 276,
266.

(36) Choi, C. H.; Kertesz, MJ. Phys. Chem. A997, 101, 3823.

(37) Allinger, N. L.; Fermann, J. T.; Allen, W. D.; Schaefer, H. F., Il

puted with Becke exchange could be to reparametrize hybrid 3. Chem. Phys1997 106, 5143.

schemes including the transient-state barriers for several 1,3-
dienes in the optimization set. Recent developments in the
description of the exchange hole increasing the nonlocality of g
exchange density functionals are very promising in remedy this

problem of current exchange-correlation functiorfals.

Acknowledgment. This work has been supported by the
DGICYT of Spain under Projects PB97-0122 and 1FD1997-
1358 and by the Generalitat Valenciana (GV00-095-2). Com-
puting time in the CPD of the University of Alicante is also
ackowledged. We thank Prof. Alfred Karpfen for providing us
with some useful references.

References and Notes

(1) Radom, L. InMolecular Structure and ConformationSsizmandia,
I. G., Ed.; Elsevier: Amsterdam, 1982.

(2) Csaza, A. G.; Allen, W. D.; Schaefer, H. F., [IJ. Chem. Phys.
1998 108 9751.

(3) Goodman, L.; Pophristic, V. litncyclopedia of Computational
Chemistry Schleyer, P. v. R., Ed.; Wiley: New York, 1998.

(4) Wiberg, K. B. In Encyclopedia of Computational Chemistry
Schleyer, P. v. R., Ed.; Wiley: New York, 1998.

(5) Tsuzuki, S.; Uchimaru, T.; Matsumura, K.; Mikani, M.; Tanabe,
K. J. Chem. Phys1999 110, 2858.

(6) Tsuzuki, S.; Houjou, H.; Nagawa, Y.; Hiratani, &K.Phys. Chem.
A 200Q 104, 1332.

(7) Sancho-Gafey J.; Peez-Jimmez, A.; Peez-Jordal. M.; Moscardp
F. Mol. Phys.2001, 99, 47.

(8) Gauss, J. IrEncyclopedia of Computational ChemisBghleyer,
P. v. R., Ed.; Wiley: New York, 1998.

(9) Barlett, R. InModern Electronic Structure Thearyarkony, D.,
Ed.; World Scientific: Singapore, 1995; part II.

(10) Lee, T. J.; Scuseria, G. E. IQuantum Mechanical Electronic
Structure Calculations with Chemical Accuradyanghoff, S. R., Ed.;
Kluwer: Dordrecht, The Netherlands, 1995.

(11) Martin, J. M. L.; Oliveira, G. dd. Chem. Phys1999 111, 1843.

(12) Dunning, T. H.; Peterson, K. A.; Woon, D. E. Encyclopedia of
Computational ChemistnBchleyer, P. v. R., Ed.; Wiley: New York, 1998.

(13) Sancho-Garey J.; Peez-Jim@ez, A. J.Chem. Phys. Let200Q
318 649.

(14) Bak, K.; Jorgensen, P.; Olsen, J.; Helgaker, T.; Gausshdm.
Phys. Lett.200Q 317, 116.

(15) He, Y.; He, Z.; Cremer, DTheor. Chem. Ac2001 105, 182.

(16) Feller, D.; Sordo, J. AJ. Chem. Phys200Q 112, 5604.

(17) Feller, D.; Sordo, J. AJ. Chem. Phys200Q 113 485.

(18) Sordo, JJ. Chem. Phys2001, 114, 1974.

(19) Hohenberg, P.; Kohn, WRhys. Re. B 1964 136, 864.

(20) Lieb, E.Int. J. Quantum Cheml983 24, 243.

(38) Karpfen, A.J. Phys. Chem. A999 103 2821.

(39) Kurita, N.; Tanaka, S.; Itoh, S. Phys. Chem. 200Q 104, 8114.
(40) Duarte, H. A.; Dos Santos, H. F.; Rocha, W. R.; De Almeida, W.
J. Chem. Phys200Q 113 4206.

(41) Vargas, R.; Garza, J.; Dizon, D.; Hay, B.JPPhys. Chem. 2001,
105 774.

(42) Murcko, M. A.; Castejon, H.; Wiberg, K. B.. Phys. Chenil996
100, 16122.

(43) Smith, G.; Jaffe, RJ. Phys. Chem1996 100, 18178.

(44) Curtiss, L. A. InEncyclopedia of Computational Chemistry
Schleyer, P., Ed.; Wiley: New York, 1998.

(45) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J.
V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.;
Replogle, E. S.; Pople, J. AGaussian 98Revision A.7; Gaussian, Inc.:
Pittsburgh, PA, 1998.

(46) Slater, J. CPhys. Re. 1951, 81, 385.

(47) Becke, A. D.Phys. Re. A 1988 38, 3098.

(48) Becke, A. D.J. Chem. Phys1993 98, 5648.

(49) Perdew, J. P. liElectronic Structure of Solids’91Ziesche, P.,
Eschrig, H., Eds.; Akademie Verlag: Berlin, 1991.

(50) Becke, A. D.J. Chem. Phys1993 98, 1372.

(51) Gapa, R. Acta Phys. Acad. Sci. Hun@954 3, 263.

(52) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.

(53) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(54) Perdew, J. P.; Wang, Yhys. Re. B 1986 33, 8800.

(55) Dunning, T. HJ. Chem. Phys1989 90, 1007.

(56) Woon, D. E.; Dunning, T. HJ. Chem. Phys1993 98, 1358.

(57) Martin, J. M. L.; Taylor, P. RMol. Phys.1999 96, 681.

(58) Halkier, A.; Helgaker, T.; Jorgensen, P.; Klopper, W.; Koch, H.;
Olsen, J.; Wilson, A. KChem. Phys. Lettl998 286, 243.

(59) Engeln, R.; Consalvo, D.; Reuss,Chem. Phys1992 160, 427.

(60) Perdew, J.; Ernzerhof, M.; Zupan, A.; Burke, K.Adyv. Quantum
Chem; Seminario, J. M., Ed.; Academic Press: New York, 1998.

(61) Johnson, B. G.; Gill, P. M. W.; Pople, J. A.Chem. Phys1993
98, 5612.

(62) Wang, J.; Johnson, B.; Boyd, R.; ErikssonJLPhys. Cheml996
100, 5472.

(63) Ortiz-Henarejos, E.; San-FahijeE. Int. J. Quantum Chenil997,

61, 245.

(64) MoscardoF.; Peez-Jimaez, A. J.; Cjuno, J. AJ. Comput. Chem.
1998 19, 1899.

(65) Peez-Jordal. M.; San-Fabia, E.; MoscardpF. Phys. Re. A 1992
45, 4407.

(66) Mills, I. Spectrochim. Actd963 119, 1585.



11548 J. Phys. Chem. A, Vol. 105, No. 51, 2001

(67) Becke, A. D.J. Chem. Phys200Q 112, 4020.

(68) Becke, A. D.J. Comput. Chenl999 20, 63.

(69) Chan, G. K.-L.; Handy, N. CJ. Chem. Phys200Q 112, 5639.

(70) Becke, A. D.J. Chem. Phys1995 104, 1040.

(71) Becke, A. D.J. Chem. Phys1997, 107, 8554.

(72) Schmider, H. L.; Becke, A. DJ. Chem. Phys1998 108 9624.

(73) Becke, A. D.J. Chem. Phys1998 109, 2092.

(74) Schmider, H. L.; Becke, A. DI. Chem. Phys1998 109, 8188.

(75) Van Voorhis, T.; Scuseria, G. H. Chem. Phys1998 109, 400.

(76) Filatov, M.; Thiel, W.Mol. Phys.1997, 91, 847.

(77) Filatov, M.; Thiel, W.Phys. Re. A 1998 57, 189.

(78) Zupan, A.; Burke, K.; Ernzerhof, M.; Perdew, JJPChem. Phys.
1997 106, 10184.

(79) Perdew, J.; Ernzerhof, M.; Zupan, A.; Burke, X.Chem. Phys.
1998 108 1522.

(80) Perdew, J. P.; Kurth, S.; Zupan, A.; BlahaPRys. Re. Lett.1999
82, 2544.

(81) Tozer, D.; Handy, NJ. Chem. Phys1998 108 2545.

(82) Hamprecht, F. A.; Cohen, A. J.; Tozer, D. J.; Handy, ND.CChem.
Phys.1998 109, 6264.

(83) Boese, A.; Doltsinis, N.; Handy, N.; Sprik, M. Chem. Phy2000
112 1670.

(84) Menconi, G.; Wilson, P. J.; Tozer, D.Jl.Chem. Phy2001, 114,
3958.

Sancho-Gara et al.

(85) Boese, A.; Handy, NJ. Chem. Phys2001, 114, 5497.

(86) Proynov, E.; Chermette, H.; Salahub, D.JRChem. Phys200Q
113 10013.

(87) Curtiss, L. A.; Redfern, P. C.; Raghavachari, K. A.; Pople, J.A.
Chem. Phys1997, 106, 1063.

(88) Curtiss, L.; Redfern, P.; Raghavachari, K.; Popld, &hem. Phys.
1998 109, 42.

(89) Wiberg, K. B.; Rablen, P. R.; Mguez, M.J. Am. Chem. S02992
114, 8654.

(90) Sancho-Garay J.; Peez-Jimi@ez, A.; Peez-Jordal. M.; Moscardp
F. Chem. Phys. LetR001, 342, 452.

(91) Sancho-Garaj J.; Peez-Jimimez, A.; Peez-Jordal. M.; Moscardp
F.J. Chem. Phys2001, 115 1.

(92) Baker, J.; Andzelm, J.; Muir, M.; Taylor, Ehem. Phys. Letl.995
237, 53.

(93) Durant, JChem. Phys. Lettl996 256, 595.

(94) Jursic, B. InRecent Deelopments and Applications of Modern
Density Functional TheorySeminario, J. M., Ed.; Elsevier Science:
Amsterdam, 1996.

(95) Filatov, M.; Thiel, W.Chem. Phys. Lettl998 295 467.

(96) Preston, D.; Gilbert, BChem. Phys. LetR00Q 326, 537.

(97) Parthiban, S.; Oliveira, G.de; Martin, J. M. .. Phys. Chem. A
2001, 105, 895.



