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We present the results of high level ab initio calculations for the structure, harmonic and anharmonic
spectroscopic constants, and ring puckering barrier of cyclobutabk)(id an effort to establish the minimum
theoretical requirements needed for their accurate description. We have found that accurate estimates for the
barrier between the minimunDgq) and transition stateDy,) configurations require both higher levels of
electron correlation [MP4, CCSD(T)] and orbital basis sets of quadr@ipleality or larger. By performing
CCSD(T) calculations with basis sets as large as cc-pV5Z, we were able to obtain, for the first time, a value
for the puckering barrier that lies within 10 cfn(or 2%) from experiment, whereas the best previously
calculated values were in errors exceeding 40% of experiment. Our best estimate of 498r¢hre puckering

barrier is within 10 cm? of the experimental value proposed originally, but it k€S0 cmt higher than the
revisited value, which was obtained more recently using different assumptions regarding the coupling between
the various modes. It is therefore suggested that revisiting the analysis of the experimental data might be
warranted. Our best computed values (at the CCSD(T)/aug-cc-pVTZ level of theory) for the equilibrium
structural parameters of,8g arer(C—C) = 1.554 A,r(C—H,) = 1.093 A,r(C—Hj) = 1.091 A,$(C—C—C)

= 88.7°, a(H,—C—Hpg) = 109.15, andf = 29.68 for the puckering angle. We have found that the puckering
angle @ is more sensitive to the level of electron correlation than to the size of the basis set for a given
method. We furthermore present anharmonic calculations that are based on a second-order perturbative
evaluation of rovibrational parameters and their effects on the vibrational spectra and average structure. We
have found that the anharmonic calculations predict the experimentally measured fundamental band origins
within 1% (<30 cnt) for most vibrations. The results of the current study can serve as a guide for future
calculations on the substituted four-member ring hydrocarbon compounds. To this end we present a method
for estimating the puckering barrier height at higher levels of electron correlation [MP4, CCSD(T)] from the
MP2 results that can be used in chemically similar compounds.

I. Introduction fundamental bands. This sideband structure arises from transi-
tions from either the ground-state ring puckering levetsdr

from excited ring puckering levelst that may be populated.
The height of the puckering barrier [energy difference between

Cyclobutane (GHg) represents the prototype for investigating
the interplay between angle and torsional strain and the
molecular structure and spectra for substituted four-member ring its minimum Oaq) and transition state,) configurations] has
hydrocarbong:2 The analysis of the infrared (IR) spectra of |t . —¢n Y -

; . : been previously experimentally estimated from the analysis of
cyclobutane is more tractable than for its substituted analogues

. - the puckering sideband structure of the higher frequency IR
such as GCls, C4(OH)s, and GFs, which have smaller rotational ¢ o o e hands. The analysis is performed by assuming an
constants and higher density of rovibrational-puckering states,

a fact that makes the analysis of their IR spectra more difficult. even-ordgr polynpm@f‘m the puckenng coordlnatga(typlcally .
The equilibrium structure of these molecular systems can beaquadratlc—quartlc one), ma!qng. several assumptions regarding
thought of oscillating between two equivalent puckered equi- ';h:e trie(r‘:i]u;:“edbmt;al\:lss, anr(;Idtakmg rlr?t?riaclcounrtdti:etc?vezt trllj?t (tjhe
librium structures through a transition state following a large lationship betweeq and a geometrical coordinate 1S obscure
amplitude, low-frequency mode. This double-well potential o_Iue to the fact that they are re_Iated byano_nlmear_transfqrma—
results in a splitting of the low-frequency puckering energy tion3 Sqme of the outsta_ndlng issues as_somated Wlth_ the flttlng
levels, a fact that imposes a distinctive sideband structure to of the S|deband_spectra in order to obtaln_the puckering barrier
the mé)lecule’s fundamental vibrational transitions can be summarized as follows: (i) truncation of the even-order

: . . lynomial used to describe the puckering potential, (ii)
Thevsg (byy) ring puckering mode of &g at 198 cmt is not PO . .
IR activee(azr:izj is %Ely weak?y Raman acf'}[ive but it results in a coordinate dependence of the reduced mass, and (iii) coupling

series of combination hot bands that are associated with theWlth ather V|bra_t|ona| modes. ) . )
Ueda and Shimanouctirst obtained a puckering barrier of
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v1g (6g) CHz symmetric stretch mode at 2878 thwith a
guadratie-quartic potential. Stone and Miflssubsequently
reanalyzed the spectra of thg band showing that the sideband
transitions were spread out over 100 @nto the red of the
band origin. By using a quadratiquartic potential and assum-
ing the separability of the ring puckering coordinate from the

Blake and Xantheas

obtain values of 649 11 cnt? for the puckering barrier and
31.4 + 1.3 for the dihedral angle. These values are quite
different than the ones obtained from their previous analysis of
the sideband structure of thews and v bands, and the
difference was ascribed to higher order mixing betweervghe
and vy bands. They subsequently used a two-dimensional

rest of the vibrational coordinates and constant reduced masspotential to analyze this mixing, which produced a significantly

they also analyzed the sideband structure ofithgb:y) CH,-
scissoring mode at 1453 crhand obtained a puckering barrier
of 503 cnt! and a dihedral angle of 85Furthermore, they
pointed out that other vibrational modes gf bnd g symmetry

lower barrier height of 449 9 cnr! and a dihedral angle of
278+ 1.2,

In contrast to the previous plethora of experimental studies,
there has been only a handful of mainly low-level ab initio

should exhibit a similar sideband structure. However, becausecalculations on the puckering barrier oftfs. Champion et al*
these bands are weak, it was not possible to assign ring-used the semirigid bender method to fit the vibrational frequen-

puckering sideband structure to any other IR active fundamen-

cies on a puckering vibration path obtained from HF/4-31G**

tals. Miller and Capwellalso assumed a constant reduced mass calculations, a level of theory that predicts a puckering barrier

and a quadratiequartic polynomial and using additional Raman
data obtained a puckering barrier of 5285 cnr!. The effect

of 331 cnTl. Fischer et al® reported barriers of 318 crh at
the HF/6-31G* and 792 cm at the MP2/6-31G* levels of

of the coordinate dependence of the reduced mass in thetheory, respectively. A more recent study by Henseler and

Hamiltonian used to fit the spectra was examined by Malloy
and Lafferty® who performed a least-squares fit of all previous
data. They found that there is an isotopic dependenceldf
cmtin the barrier in GHg and GDsg, indicating that the H/D

Hohneichel at the HF, density functional (B3LYP), and MP2
levels of theory with a variety of basis sets ranging from minimal
(STO-3G) to split valence including polarization and diffuse
functions [6-31G(d), 6-31G(d,p), 6-31G(2d,p) and 6-34G-

atoms participate in the puckering coordinate. This proposition (d.p)] produced barriers that are either too low by about 200
is also supported by the fact that higher order kinetic energy cm * (HF, B3LYP) or too high by about 400 cth(MP2) when

effects result in a shift of just-3 cnt? in the barrier height
and therefore cannot fully account for the isotopic effect, which
must come from the coupling with other vibrational modes. The
mixing of the CH-scissoring and Cidrocking with the ring-

compared to the experimental estimates. Furthermore, the barrier
was found to increase with basis set for all three levels of theory
considered in that study for the range of basis sets examined. It
should be noted, however, that all previous calculations were

puckering motion introduced substantial uncertainty in the range Performed with basis sets of at best doublguality.

of dihedral angles (28:937°) and yielded a range of 5132
515.6 cnt! for the puckering barrier. They suggested that a
multidimensional treatment of the puckering motion would be
more appropriate.

The importance of obtaining a more accurate value for the
dihedral angle prompted an electron diffraction study by Egawa

et al.? the results of which were analyzed conjointly with the
FTIR spectra of the14 (CH,-scissoring) anat,¢ (CHz-rocking)
bands. This analysis producegC—C) = 1.552+ 0.001 A,
r,(C—H) = 1.0934 0.003 A, o, (H—C—H) = 106.4+ 1.3°,
and a ring dihedral angle of 279 1.6°, while ther distances

of the C-C and C-H bonds were 1.554 0.001 A and 1.109

+ 0.003 A, respectively. In this notation, subscript “z” denotes

the average structure associated with the average configuratio
of the atoms for a specific vibrational state evaluated by a partial

correction for the effects of vibration, whereas subscript “g”
indicates bond distances (center of gravity of the probability
distribution function) obtained from electron diffractiéhThe
latter can be related to the former with only the knowledge of
the harmonic force constants.lt should be noted that the

electron diffraction data were analyzed following the assumption

based on an earlier ab initio stddyhat the axial and equatorial
C—H stretches differ by<0.001 A, a difference that the electron
diffraction intensity is insensitive to. By including up to a sixth-

order term in the double-well potential and assuming a linear

coupling of the puckering mode with only the @Fbcking

The absence of high-level ab initio calculations on the
structure and puckering barrier ofilds is quite surprising given
that the analysis of the experimental data produced a range of
~100 cnt for the puckering barrier anet10° for the dihedral
angle. Furthermore, all models used to fit the experimental data
rely on structural information from electron diffraction experi-
ments the analysis of which was based on the results of low
level ab initio calculations, especially on the assumption that
the axial and equatorial -©€H bonds lengths are within 0.001
A, i.e., below the detection limit of the electron diffraction
experiment. The previous discussion suggests that high level
ab initio calculations on this system are warranted in order to
derive more accurate structural and energetic information. In

rparticular, it is of interest to establish the minimum theoretical

requirements as regards both level of theory and basis set for
the accurate description of the puckering barrier as these can
serve as starting points for subsequent calculations on substituted
analogues of cyclobutane. In section Il, we outline the details
of the ab initio calculations. In section Il we present the results
for the optimal geometry, harmonic and anharmonic vibrational
spectra, spectroscopic constants, and the puckering barrier of
C4Hs. Final conclusions are summarized in section IV.

II. Theoretical Approach

We obtained optimal geometries for tBgy (minimum) and
Dg4n (transition state) structures, shown in Figure 1, by full

mode and a coordinate-dependent reduced mass, they producegeometry optimizations at the HartreEock (HF), the second-

an equilibrium dihedral angle of 288 1.1° and a vibrationally
averaged value of 274 1.1° in good agreement with the result
from the electron diffraction study. Furthermore, their estimate
for the barrier was 51@ 3 cnt . In a subsequent study, Egawa
et al1® recorded the IR spectrum of thes (ap,) CH,-rocking
band at 626 cm! at a higher resolution and used a one-
dimensional potential up to sixth order with linear coupling of
the puckering coordinate with the,oCH,-rocking mode to

and fourth-order MollerPlesset (MP2, MP4), and the coupled-
cluster singles and doubles with perturbative estimate of triple
excitations [CCSD(T)] levels of theory using the family of plain
and augmented correlation consistent basis sets, oZ@pvid
aug-cc-p\wZ (n = D, T, Q, 5)17 Only the valence electrons
were correlated. The geometry optimizations at the HF and MP2
levels of theory with the cc-pVDZ (aug-cc-pVDZ), cc-pVTZ
(aug-cc-pVTZ), and cc-pVQZ basis sets were performed using
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and C-C bond lengths, whereas within a fixed basis set the
higher correlation methods [i.e., going from MP2 to MP4 and
CCSD(T)] have an opposite effect, increasing both bond lengths.
The best computed values for the-8 bond lengths are
r(C—Hq) = 1.092 A, r(C—Hp) = 1.090 A at both MP4 and
CCSD(T) levels of theory. The computed value f(€C—H,) is
within the experimental error bar of the one obtained from
electron diffraction experimefit,viz., 1.092 + 0.001 A.
Similarly, the best computed value for the-C bond length is
1.552 A, identical with the one obtained from the analysis of
D the electron diffraction data. It should again be noted that the
4h experimentally reported structures for the bond lengths cor-
Figure 1. Conformations of the minimumiX,)) and transition state  yespond to average structures, which are evaluated by a partial
(Dan) geometries of GHs and definition of the puckering angfé correction for the effect of vibrationrf). The effects of

analytic first derivatives. Geometry optimizations at the MP4 vil_)ration_al averaging on the structure will be discussed later in
and CCSD(T) levels of theory with the cc-pVDZ (aug-cc-pvDz) IS section.

and cc-pVTZ (aug-cc-pVTZ) basis sets were carried out The ¢(C—C—C) and o(H—C—H) angles are both almost
numerically using aZ-matrix description of the molecular insensitive to the basis set and level of electron correlation; all

geometry in terms of the six (fdD,y symmetry) and three (for combinations of theoretical methods and basis sets used in this

D4 symmetry) unique internal coordinates. In all geometry Study produce results that are withiri® of each other for both
optimizations (using both analytical and numerical first deriva- Of these angles. The computeqH—C—H) angles are~3°
tives), the geometries of the stationary points (minimum, larger than the value obtained from electron diffractiamd
transition state) were converged to an accuracy in the corre-lie outside the error bar assigned to the experimental average
sponding energy ok5 x 107 hartree €0.1 cntY). Single structure. The puckering anglé does, however, exhibit
point calculations at the best optimal geometries for each level sensitivity mostly to the level of electron correlation rather than
of theory were performed with the larger basis sets. The largestto the basis set within a fixed level of theory. Whereas the
MP2 calculation was performed with the aug-cc-pV5Z basis optimal value is 26.33at the HF level with the cc-pVQZ set,
set consisting of the segmented contractions [6s5p4d3f2g1h] higher levels of electron correlation produce significantly larger
(1s1pidifigih) for the carbon and hydrogen atoms for a total values. The puckering angle decreases somewhat with increases
of 1148 contracted Gaussian basis functions. The largest CCSD4n both the basis set size as well as the level of electron
(T) calculation was performed with the cc-pV5Z basis set having correlation. The best computed value for the puckering angle
a total of 804 contracted Gaussian functions. Anharmonic atthe CCSD(T)/aug-cc-pVTZ level of theory is 29°68 value
frequencie® and anharmonic vibrationalotational coupling® that, although on the high side, is within the error bar of the
were computed by numerical differentiation along normal modes experimentally determinédequilibrium value ofge = 28.8+
at the MP2 level of theory. The calculations were carried out 1.1°. We also note that the range of dihedral values that are
using the Gaussian 98 and 03 (ref 20), MOLPRO (ref 21), and determined on the basis of fits of the spectra has drifted down
NWChem (ref 22) suites of codes at the Molecular Science from 35 to 29 with time, in steps that were always larger than
Computing Facility (MSCF) in the Environmental Molecular the error bars of the earlier result. Overall the results of Table
Sciences Laboratory at Pacific Northwest National Laboratory 1 indicate that the geometry of the minimum is converged with
and at the National Energy Research Scientific Computing the triple< quality set as there are minimal change®(001 A
Center (NERSC) at Lawrence Berkeley National Laboratory. for the C-H bonds,<0.002 for the G-C bonds anc<0.2° for

the bond angles) upon reoptimization with the larger cc-pVQZ
1. Results and Discussion set and that the computed bond lengths and angles are very

a. Optimal Geometry. The optimal internal coordinates of ~ cl0Se to the experimentally obtained results.
the geometries of the minimunDgy) and the transition state The effects of vibrational averaging on the minimum energy
(Dan) at the various levels of theory and basis sets consideredstructure and spectroscopic constants at the MP2 level of theory
in this study are listed in Table 1. The labeling of the atoms is are shown in Table 2 where they are compared to available
shown in Figure 1. The definition of the angles is consistent experimental dat&?* In this Table subscript “e” denotes the
with the one adapted in the electron diffraction stdoyz., o equilibrium whereas “z” the vibrationally averaged values. The
is the (H,—C—Hp) angle and) is the puckering angle defined  effect of basis set is also examined by comparing the results
asf = 180° — 1(C,C,C3Cy4), wherer(C,C,C3Cy) is the torsional with the aug-cc-pVDZ and cc-pVTZ sets. In general, there is
angle® between the planes determined by atoms@3, C; and good agreement between the calculated and measured spectro-
C,, Cs, Cy4, respectively, and the numbering of the carbon atoms scopic constants. The quartic vibrationally averaged centri-
is shown in Figure 1. The higher symmetry of the transition fugal distortion constant®,;, D, and Dx of Table 2 are
state Da4n) implies thatr(C—Hy) = r(C—Hpg), ¢(C—C—C) = computed in the symmetrically reduced Watson Hamiltonian.
90°, and & = 0°, resulting in only three unique internal The effect of vibrational averaging on the bond lengths and bend
coordinates that fully specify the geometry under this symmetry. angles is as followsArg-(C—Hg) = Aro-(C—Hg) = 0.006 A,
From Table 1 it is seen that for the minimui) geometry Arg-(C—C) = 0.009 A, Ago(C-C-C) = 0.12,
the difference between the two sets of 8 bond lengthsif{C— Aog-e(Hyc—C—Hp) = —0.25, Abp-e = —0.85, where the
Ho) and r(C—Hg)] is indeed small; for some of the higher difference is taken with respect to the equilibrium geometry
correlation methods [MP4, CCSD(T)] the difference-i8.002 (“e”). We observe typical bond length elongations of 0.606
A, a value that is still below the sensitivity for electron 0.009 A, CCC skeletal bend angle increases of Q.Hhd
diffraction. As a general trend, the use of larger basis sets (i.e.covalent bend angle decreases of 0.Z%e largest effect was
going from cc-pVDZ to cc-pVQZ) tends to decrease bothHC found for the dihedral angleé), which decreases by about 1
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TABLE 1: Optimal Internal Coordinates of the ( Dg) Minimum and the (Dg4,) Transition State of C4Hg at Various Levels of
Theory

D2q minimum
level of ¢(C—C—-C), a(He—C—Hp),
theory basis set r(C—Ho), A r(C—Hp), A r(C—C), A deg deg 0, degt
HF cc-pVDZ 1.0922 1.0911 1.5459 88.46 108.41 26.48
cc-pvVTZ 1.0832 1.0819 1.5438 88.47 108.52 26.38
cc-pvVQZz 1.0827 1.0814 1.5434 88.48 108.52 26.33
MP2 cc-pvVDzZ 1.1034 1.1020 1.5530 87.72 109.03 32.12
cc-pvVTZ 1.0892 1.0875 1.5454 87.76 109.21 31.87
cc-pvQz 1.0882 1.0866 1.5428 87.81 109.17 31.51
aug-cc-pvDZ 1.1016 1.1002 1.5573 87.81 109.25 31.51
aug-cc-pVTZ 1.0900 1.0883 1.5463 87.79 109.25 31.66
MP4 cc-pvVDZ 1.1066 1.1050 1.5596 87.88 108.95 30.99
cc-pvVTZ 1.0921 1.0902 1.5522 87.94 109.14 30.58
aug-cc-pvDZ 1.1051 1.1035 1.5648 87.98 109.17 30.24
aug-cc-pVTZ 1.0930 1.0911 1.5533 87.98 109.17 30.22
CCSD(T) cc-pvVDZ 1.1069 1.1053 1.5606 87.93 108.95 30.60
cc-pvVTZ 1.0920 1.0901 1.5524 88.00 109.13 30.11
aug-cc-pvDZ 1.1054 1.1037 1.5656 88.04 109.17 29.82
aug-cc-pVTZ 1.0929 1.0910 1.5535 88.06 109.15 29.68
exp 1.093+ 0.00F 1.552+ 0.00F 106.4+ 1.3 28.8+1.19
D4, transition state
level of o(He—C—Hp),
theory basis set r(C—Hy), A r(C—C), A deg

HF cc-pvDZ 1.0910 1.5498 107.86

cc-pvVTZ 1.0820 1.5478 107.96

cc-pvQZz 1.0814 1.5474 107.96

MP2 cc-pvDZ 1.1018 1.5585 108.07

cc-pVTZ 1.0873 1.5509 108.23

cc-pvVQz 1.0863 1.5482 108.22

aug-cc-pvDZ 1.1000 1.5628 108.31

aug-cc-pVTZ 1.0881 1.5519 108.33

MP4 cc-pvVDZ 1.1049 1.5647 108.09

cc-pvVTZ 1.0903 1.5572 108.26

aug-cc-pvVDZ 1.1036 1.5699 108.33

aug-cc-pvTZ 1.0911 1.5585 108.37

CCSD(T) cc-pvVDZ 1.1053 1.5656 108.12

cc-pVTZ 1.0903 1.5574 108.28

aug-cc-pvDZ 1.1039 1.5705 108.35

aug-cc-pvTZ 1.0911 1.5585 108.37

2The puckering angle i8 = 180° — 7(C1C,CsCy); see the text and Figure 1Reference 9¢ Average structurerf). ¢ Equilibrium structure §e).

upon vibrational averaging. The angldn Table 2 is defined =~ TABLE 2: Effect of Vibrational Averaging 2 on the

as the angle between the bisectors of theG+H and G-C—C Spectroscopic and Structural Constants of Cyclobutane and

angles. The ratié = /6 can be obtained from the analysis of Comparison with Experimental Values for the Ground State

the experimental dataOur calculated value of 0.19 for the MP2/aug- MP2/cc- _

vibrationally averaged MP2/cc-pVTZ geometry agrees very well constants ce-pvbZz pVTZ experiment

with the experimentally estimated ratio of 0.22 for this quantity. A.=B,(cm™?) 0.34982 0.35597 0.35582
With regard to the geometry of the transition stdda, the éezn‘iigm_l) g-ggggg 8-2?282

C—H bond distance is almost identical (withir0.0002 A) to c (cm1) 0.21233 0.21599

the shorter [(C—Hpg)] of the two C-H bond distances at the  p,(cm) 1.8206x 107 1.9028x 107 1.88x 10°7¢

minimum, whereas the €€C bond length is~0.004 A longer Dak (cm™) —2.2993x 1077 —2.4077x 1077 2.3x 1077°¢

than the corresponding value at the minimum. The elongation P« (6m™) 1.1128x 1077 1.1748x 1077

of the C-C bond length at the transition state with respect to ™ (narmonic), cm? 24406.1 2400L7

the minimum configuration can be attributed to the additional zpe 23597.3 23817.2

ring strain at theD4, geometry, an effect that is reduced at the (fundamental),crmt

minimum geometry due to the puckering of the i@g. The ZP(EamharmoniC) omt 24075.0 24215.2

H—C—H angle is~1° smaller than the one at the minimum. [ c—c), A ' 1.566 1.554 1.580

Finally, the imaginary harmonic vibrational frequency at the r,(C—H), A 1.106, 1.108 1.093,1.095 1.093

Dgn transition state configuration at the MP2 level of theory ®(H—C—H), deg 109.00 109.03 106.4

with various basis sets used in this study is 179%foc-pVDZ), ZZ(‘gZEdra')' deg 53g'666 538'190 62;9

190 cn1! (cc-pVTZ), 208 cm* (aug-cc-pVDZ), and 180 cni 5= ﬁ/gg 019 019 0.29

(aug-cc-pVTZ). = Estimated at the MP2 level of th ith th VDZ and
. : : . - stimated at the evel of theory wi e aug-cc-p an
b. Ring-Puckering Barrier. The energies of the minimum cc-pVTZ basis sets Subscripts “e” and “z” denote equilibrium and

(D2q) and transition statel(y) configurations (in au) and the  yiprationally averaged quantities, respectively, and EheDyk, and

puckering barrierAE. (in cm?) are listed in Table 3. The Dy constants correspond to the vibrationally averaged geometry.
variation of the barrier height with basis set for the various levels ¢ Reference 249 Reference 9.
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TABLE 3: Energies of the (D2g) Minimum and the (Dg4p) Transition State (au) and Their Energy Separation (cnT?) at Various

Levels of Theory

level of
theory basis set geometry E (D2y), au E (Dav), au AEe, cmta

HF cc-pvDzZ optimized —156.107 4319 —156.105 788 2 360.7
cc-pVTZ optimized —156.150 607 7 —156.148 947 5 364.3
cc-pvQZz optimized —156.160 384 8 —156.158 743 2 360.3
cc-pV5Z cc-pvQz —156.162 748 8 —156.161 117 2 358.1

MP2 cc-pvDzZ optimized —156.676 926 1 —156.673 1147 836.5
cc-pVTZ optimized —156.842 5380 —156.838 795 2 821.4
cc-pvQZz cc-pVTZ —156.894 203 7 —156.890 859 3 734.0

optimized —156.894 224 0 —156.890 878 8 734.2
cc-pV5Z cc-pVTZ —156.912 369 7 —156.909 157 1 705.1
cc-pvVQz —156.912 399 3 —156.909 185 7 705.3

CBS 691°
aug-cc-pvDZ optimized —156.702 353 2 —156.698 358 8 876.6
aug-cc-pVTZ optimized —156.853 056 0 —156.849 611 4 756.0
aug-cc-pvVQZz aug-cc-pvTZ —156.898 897 9 —156.895 653 5 712.0
aug-cc-pV5Z aug-cc-pvVTZ —156.914 624 5 —156.911451 3 696.4
CBS 687

MP4 cc-pvDZ optimized —156.747 166 6 —156.743 942 4 707.0
cc-pVTZ optimized —156.914 211 8 —156.911102 2 682.4
cc-pvQz cc-pvVTZ —156.960 583 0 —156.957 913 6 585.9
CBS 54F
aug-cc-pvDZ optimized —156.775239 1 —156.771 8907 734.9
aug-cc-pVTZ optimized —156.924 828 5 —156.922 0711 605.2
aug-cc-pvQz aug-cc-pvVTZ —156.964 408 9 —156.961 852 4 561.1
CBS 538° 536°

CCSD(T) cc-pvDzZ optimized —156.748 833 4 —156.745 806 1 664.4
cc-pVTZ optimized —156.913623 1 —156.910 703 5 640.8
cc-pvQz cc-pvVTZ —156.959 551 1 —156.957 066 9 545.2
cc-pV5hZ cc-pVTZ —156.973 263 5 —156.090 865 516.8
CBS 505° 503
aug-cc-pvVDZ optimized —156.776 451 3 —156.773 292 6 693.2
aug-cc-pvVTZ optimized —156.924 1718 —156.921 601 1 564.2
aug-cc-pvQz aug-cc-pvVTZ —156.963 363 8 —156.960 992 6 520.4
CBS 4980 495

2 Bold entries denote the best estimate for the puckering barxigs) @t the corresponding level of theory and basis 5Based on an exponential

extrapolation, method a (see the teXtpased on the difference with the

of theory considered here is shown in Figure 2. In this figure,
the x-axis corresponds to the cardinal number of the basis sets
(n=2, 3, 4,5 for DZ, TZ, QZ and 5Z, respectively). Open
symbols with solid lines trace the results with the family of
plain sets (cc-p¥iZ), whereas filled symbols with dotted lines
trace the ones with the family of augmented (aug-cof)\basis
sets. The MP2 (MP4) results are denoted by circles (squares),
while the CCSD(T) results are indicated by triangles.

To arrive at an accurate estimate for the barrier height, we
have systematically examined the effect of the following three
factors on the relative energetics of the minimum and transition
state configurations: (i) the level of electron correlation, (ii)
the size of the orbital basis set, and (iii) the optimal geometry.

The effect of electron correlation on this conformational
change is examined at the MP2, MP4, and CCSD(T) levels of
theory. The family of correlation-consistent basis sets provides
a vehicle for arriving at the complete basis set (CBS) limits for
these methods. The effect of the optimal geometry on the barrier
is investigated by performing single point energy calculations
for the minimum and the transition state with larger basis sets
at the optimal geometries obtained with smaller basis sets. For
instance, single point MP2/cc-pVQZ calculations at the MP2/
cc-pVTZ-optimized geometries produced a barrier of 734.0
cm™1, only 0.2 cn?® different than the one obtained upon
reoptimization of the geometries with the cc-pVQZ basis set
(734.2 cntY). The same difference in the barrier (0.2 @n
was obtained upon performing single point MP2 calculations
with the larger cc-pV5Z set at the cc-pVTZ and cc-pvVQZ

MP2 results, method b (see the text).

C,H, puckering barrier

[ —O— MP2/cc-pVnZ
B -=-@-=-MP2/aug-cc-pVnZ
900 [ —— CCSD(T)/ cc-pVnZ
LR - -A-- CCSD(T)/ aug-cc-pVnZ
. —{—MP4/ cc-anE
[ -=-l--MP4/aug-cc-pVnZ
800 [ —&— HF/cc-pVnZ
Pl1 3
g 700 |
5] I
\Q
53] L
< 600 [
st CCSD(T)
400 -
~— ——
1 1 1 1 2L 1

(aug)cc- (aug)ce- (aug)ec- (aug)cc- "~ CBS
pVDZ pVTZ pVQZ pV5Z limit

basis set size

Figure 2. Variation of the puckering barrier (in cri) with basis set

at various levels of theory. The-axis corresponds to the cardinal
number of the cc basis sets € 2, 3, 4, 5 for DZ, TZ, QZ and 5Z,
respectively). Open symbols/solid lines trace the results with the plain
sets (cc-pWiZ), whereas filled symbols/broken lines denote the ones

optimal geometries, respectively. In this case, however, the usewith the augmented (aug-cc-p¥) basis sets. Circles denote MP2,

of the larger set (cc-pV5Z) had by far a bigger effect on the

squares MP4, and triangles CCSD(T) levels of theory, respectively.
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barrier (28.9 cm?) than that of using the cc-pVTZ vs the cc- TABLE 4: Shifts in the Barrier Heights: AAE (MP2-4; n)
pVQZ geometries (0.2 cm). This suggests that the optimal ~and dAAE (n + 1; n)?

geometries are well-converged with the cc-pVTZ basis set and AAE O0AAE
it is more important to carry out single point energy calculations level of (MP2-4; n), (n+1;n),
at these geometries rather than reoptimizing the geometry with _theoryZ  basis seh geometry cmt cmt
larger sets. This has also been recently found for the binding CCSD(T) cc-pvDz optimized 172.1
energies of small water clusteisFurthermore, it is consistent cc-pVTZ optimized 180.7 8.6
with the conclusions reached in section lll.a regarding the cc-pvVQZ cc-pvTZ 188.8 8.1
convergence of the optimal geometry with basis set. gﬁ-gp-\ég-szDz %Cp;tri%-irzid 11853.).34 -05

The bold entries in Table 3 denote the best estimate for the aug-cc-pVTZ  optimized 191.8 8.4
puckering barrier at the corresponding level of theory and basis aug-cc-pvQZ  aug-cc-pVTZ 191.6 —0.2
set. The results of Table 3 suggest that the basis set dependenci¥P4 cc-pvDz optimized 129.5
at the HF level is quite weak; the range of barrier heights gﬁg%zz ggtg?)_f_;d 11289'8 g f
spanned with all basis sets used in this study is f&tcnT 2. aug-cc-pVDZ  optimized 1418
Our results indicate that HF underestimates the puckering barrier aug-cc-pVTZ  optimized 150.8 9.0
by ~150 cnT?, in agreement with previous studies at this level aug-cc-pvVQZ  aug-cc-pvVTZ 151.0 0.2
of theory with much smaller basis sétsOn the other hand, aAAE (MP2-2; n) is the difference between the barrier height at
MP2 produced barrier heights that are too high by 2880 level of theoryZ [CCSD(T), MP4] and the corresponding MP2 value;

cm-* with respect to the range of values determined experi- geometries at levels of theory and MP2 optimized with the same
mentally. The effect of basis set at the MP2 level of theory is basis set are used as referendeSAE (n + 1; n) is the incremental

to reduce the barrier, but even the largest aug-cc-pV5Z set change of the previous quantity with basis set at a fixed level of theory.
produces a value that is200 cnt? larger than the range of

experimental estimates. The largest incremental decrease (87 . . .
cm~1) with basis set size occurs between the values computedby the fact that a single point MP2/aug-cc-pVTZ calculation at

with the cc-pVTZ and cc-pVQZ sets. Similar trends were the CCSD(T)/aug-cc-pVTZ optimal geometries for the two
observed for the augmented sets (aug-co\h = D, T, Q) stationary points produces a barrier of 743¢nvery close to

for which a decrease of 120 chin the barrier is observed ~ h€ corresponding value of 756 chat the MP2/aug-cc-pvTZ
between the values computed with the aug-cc-pVDZ and aug- opt|ma_| geometries (cf. Table 2). As in the case (.)f MPZ_’ the
CC-pVTZ sets. This finding, as well as the results of Table 3 larger incremental drop in the computed barrier with basis set
suggests a faster convergence of the barrier height with the?(frcggsthb?:“gg%n(_?)cf%Tfﬂlgi]er%zggrfzg_pl\?gzs/gts [?:?:6%/[?2
augmented rather than with the plain correlation-consistent sets.for the augmented ones [129 chior CgSD('llj') and 12% - C%
Typically it is found that the aug-cc-p\Z sets produce barrier 9 :

heights that are of comparable magnitude to the ones produceJor MP4]. In fact, the incremental variation of the barrier height

- ) . with basis set is almost identical (within 1 cnrl) between
with the GCC pPVOt1)Z sets. A recent study by Glend_enlng a_nd CCSD(T) and MP4 with both families of basis sets. This is
Halperrt® reported the calculation of the ring puckering barrier

at the B3LYP, MP2, and CCSD(T) levels of theory with just readily seen from Figure 2, where the traces of the CCSD(T)

the plain (cc-p\WWzZ, n = D, T, Q) basis sets. Their results are an? MPA.' reSLt“tt; aE(:aBpSaralltgl tot eacfhtﬁthebr. ier heiaht for th
similar with the ones shown in Figure 2 with the same o arrve at the estimates of the barnier height for the

(nonaugmented) basis sets: they correspond to a curve that i:{'igher correlation methods [MP4, CCSD(T)l, we used the

- : . Tollowing two procedures: (a) extrapolation assuming an
concave downward (up to the QZ set) with the cardinal basis 0 . )
set indexn and therefore quite difficult to extrapolate to the exponential functional of the CCSD(T) and MP4 results and

CBS limit. In contrast, the use of the aug-cci/sets (cf (b) estimates based on the difference between CCSD(T) and/or

Figure 2) results in a curve that is concave upward witind M';Ar'] fr]?m the MPZhresults. dif its with the | basi
easier to extrapolate to the CBS limit. In any event, our results e first approach can be used If results with the larger basis

. . : ts are available, as in the present case. However, especially
with the larger basis set of 5Z quality reported here make the S€ ; " !
CBS extrapolation process more accurate. for the per-substituted species such ag-sCand G(OH)g,

The CBS limit for the barrier height at the MP2 level is calculations with the largest sets may be currently feasible for

. . . MP2 but not with higher correlation methods such as CCSD-
estimated at 691 Crﬁ.W'th the plain (except fp.r cc-pVDZ_) and (T) and MP4. In this case, the MP2 results can be used as
687'3.i 0.3 le. with the augmente;l famllles of baS|s sets guidance in order to arrive at more accurate estimates for the
following the previously proposed heuristic extrapolation scheme barrier height with those higher correlation methods. The
that is based on an exponentfatariation of the barrier height difference '
with the cardinal number of the basis set It should be
emphasized that the extrapolation procedure lowers the best-
calculated number at the MP2 level of theory (696 émwith
the aug-cc-pV5Z set) by just 9 cth The MP2/CBS limit

therefore overestimates the experimentally determined barrlerMP4' and the corresponding MP2 result with the same basis

height by at least 175 cr. setn is shown in Table 4. Here the reference geometries are

Increasing the level of electron correlation results in the optimized at levels of theory [CCSD(T), MP4] and MP2 with
lowering of the barrier, as evident from the MP4(SDTQ) and (he same basis set, respectively. This difference increases with
CCSD(T) results of Table 3 and the traces in Figure 2. The pqis sen, but its incremental change with basis set

lowering of the barrier for these methods with respect to MP2
is exclusively an effect of the inclusion of higher correlation OAAE (n+ 1;n) =

(triple excitations), not one attributed to the possibility that the ) )
geometries are not converged at the MP2 level. This is supported AAE (MP2-; n+ 1) — AAE (MP2-4; n) (2)

AAE (MP24; n) = AE(MP2;n) — AE(4;n) (1)

between the barrier height at level of thedry= CCSD(T),
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TABLE 5: Normal Modes for Cyclobutane (C4Hg) Minimum ( Dog Symmetry)2

IR band
harmonic intensity anharmonic origin®
symmetry (cm™) (km/mol) IR activity (cm™) (cm™) mode description
A 3144 0.0 forbidden 2996 2962 Glsym stretch
3154 0.0 3014
3091 0.0 2966 2905 Ctsym stretch
3103 0.0 2993
1516 0.0 1490 1469 scissors
1533 0.0 1480
1169 0.0 1141 1153 rock
1182 0.0 1154
1038 0.0 1014 1005 ring stretch (breathing)
1044 0.0 1020
249 0.0 235 199 ring puckering
250 0.0 235
Az 1235 0.0 forbidden 1210 1258 wagtwist
1258 0.0 1230
951 0.0 940 943 twist wag
965 0.0 953
B 1248 0.0 forbidden 1216 1234 twistwag + ring stretch
1262 0.0 1231
1153 0.0 1121 1139 waty twist
1170 0.0 1138
950 0.0 928 926 ring stretch
957 0.0 935
B, 3170 79.7 allowed 3021 2987 Gldsym. stretch
3180 67.0 C-type 3039
3085 16.4 2962 2915 GHsym. stretch
3099 13.8 2991
1480 4.7 1440 1454 scissors
1501 55 1460
911 0.05 888 892 ring bend rock
919 0.04 896
617 1.7 619 626 rock- ring bend
620 2.1 621
E 3156 255 allowed 3007 2968 GHsym. stretch
3166 224 3025
3087 65.6 A, B-type 2963 2880 GKym. stretch
3100 57.9 2990
1471 0.5 1433 1452 scissors
1492 0.8 1453
1270 15 1240 1260 twist wag + ring stretch
1288 2.2 1256
1244 0.4 1212 1224 wag twist + ring stretch
1262 0.4 1229
921 2.4 902 901 ring stretch
931 2.9 912
753 0.3 747 749 rock- twist
765 0.4 756

@ The calculated harmonic and anharmonic frequencies are obtained at the MP2 level of theory with the aug-cc-pVDZ (first line) and cc-pVTZ
(second line) basis setsFrom ref 28.

is saturated with the cc-pVQZ and aug-cc-pVTZ sets, respec- From the previous analysis we conclude that our best CBS
tively, as evident from Table 3. estimates for the barrier height (obtained with method “a”) are
The exponential extrapolation of the CCSD(T)/cchaVv 687 cnt! (MP2), 538 cni! (MP4), and 498 cm! [CCSD(T)].
(except for cc-pVDZ) results (method a) yields a barrier of 505 The CCSD(T) and MP4 CBS estimates are within 207&m
cm~1, while by subtracting aA\AE [CCSD(T)-MP2] value of (~4%) from the best computed values (with the largest basis
188 cn1! (Table 3) from the corresponding MP2(ccuX)/ sets) at these two levels of theory, respectively.
CBS value of 691 cm! (method b) produces a CCSD(T)(cc- c. Anharmonic Vibrational Spectra. The calculated har-
pVnZ)/CBS estimate of 503 cm, just 2 cnT! away from the monic and anharmonic vibrational frequencies of cyclobutane
one obtained with method a. Similarly, the extrapolation of the at its minimum D2g) geometry are listed in Table 5 together
aug-cc-p\nZ results yields CCSD(T)(aug-cc-pi)/CBS esti- with the experimentally observ&t®band origins. The calcu-
mates of 498 cm! (method a) and 495 cni (method b). lated harmonic and anharmonic frequencies are obtained at the
As regards the MP4/aug-cc-p¥ results, the exponential MP2 level of theory with the aug-cc-pVDZ (first line of each
extrapolation produces CBS estimates of 538 £(method a), entry) and cc-PVTZ (second line of each entry) basis sets. Their

whereas method b yields 536 ct[687 cnt! (MP2/CBS)— infrared (IR) intensities (km/mol), IR activity, as well as the
151 cnt?). Finally, method b yields 543 cm for the cc-p\hZ mode description are also indicated. Most of the computed
sets at the MP4 level. We note again that the estimates for theanharmonic frequencies are within 1% from the experimentally
barrier obtained with the two methods (a or b) are witkin observed band origins except for the £8)ymmetric stretch

cm! from each other. vibrations of A (2905 cnt?), B, (2915 cntl), and E (2880
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cm1) symmetries, for which the discrepancy~i8€%. Overall, Environmental Research of the U.S. Department of Energy.
the effect of anharmonicity amounts to a correctionr~&30 Additional computer resources at the National Energy Research
cmt (0.95 kcal/mol) to the zero-point energy of the system Scientific Computer Center (NERSC) were provided by the

(cf. Table 2).

IV. Conclusions

In this study we present the results of high-level ab intio

calculations for the structure, anharmonic frequencies, and ring-
puckering barrier of cyclobutane. In particular, we have taken

Division of Chemical Sciences, US Department of Energy.
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