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Ther,. structure of benzene is revised on the basis of high-level guantum chemical calculations at the CCSD(T)/
cc-pVQZ level as well a reanalysis of the experimental rotational constants using computed vibrational
corrections. A least-squares fit to empirically determifiadonstants yields{(CC) = 1.3914+ 0.0010 A
andrg(CH) = 1.0802+ 0.0020 A; the latter distance is significantly shorter than the best previous estimate

based on experimental data. Comparison of compugednd r, distances with experiment as well as
considerations of bond lengthening due to anharmonicity are consistent with the estiydéthce, indicating
that the recommended structural parameters are very accurate.

One of the ultimate goals of structural chemistry is the parameters arise mostly from imperfect knowledge of the cubic
determination of equilibrium molecular geometries. These force field. Slow convergence with respect to both basis set
structures are defined by local or global minima on the adiabatic and the treatment of electron correlation means thaeom-
potential energy surface and are (to a very good approximation) etries obtained by minimization of calculated energies usually
independent of isotopic substitution. Equilibrium structures are associated with unacceptably large uncertainties.
provide the most satisfactory reference point for studying  perhaps the most pragmatic approach for the determination
substituent effects on molecular geometries. Replacement ef ONepf r, structures is one that combines both experimental and
group by another can have a profound effect on vibrational theoretical data. In a study of methane, Pulay, Meyer, and Boggs
wavefunctions with the consequence that changes in vibra- corrected experimental rotational constants for effects of vibra-
tionally averaged rg, ro, or ry), effective ro or other (s tion—rotation interaction and deduced an equilibrium bond
geometries attendant upon fenctionalization do not neeessarily|ength more than twenty years ag@he value obtained in their
mirror those of the equilibriumrg) structure. In addition,  gsgdy is in excellent agreement with a very recent recommenda-
accuratere structures are needed to properly calibrate the jgn2 of re=1.085% + 0.0003 A, attesting to the power of this
accuracy of various quantum chemical approaches. procedure. Similar efforts of the same type were subsequently

Unfortunately, it is extremely difficult to determine accurate made by others, principally Alleh,Botschwing and their
equilibrium geometries for polyatomic molecules. The difficul-  collaborators, and more recently by Uk.is now possible to
ties associated with a purely experimental elucidatiomreof  routinely calculate quadratic and cubic force fields at high levels
of theory. These can be combined with precisely measured
* Corresponding author. rotational constants (when available) to obtain empirical esti-
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mates of the equilibrium rotational constants that are determined TABLE 1: Ground-State Rotational Constants, Calculated

solely by moments of inertia of the rigid equilibrium structures. \Fglct;tgt'lc())r?gl gggggﬂ&”g% aBré?] i“r:g':'scgoggmg?g%w MH2), and
. - i z i Z),

The recent development of analytic second derlvatlvg proce- Summary of Internuclear Distance Data (in A) from Both

dure$ for methods based on coupled-cluster (C&)d high- the Present and Previous Work

order many-body perturbation theory (MBPTdgether with a

convenient numerical differentiation approach originally sug-

rotational constants

gested by Schneider and THiglas served to greatly facilitate CeHs CeDs "3CeHs "%CeDs

studies of this type, as attested by a number of recent sttidies. B2 5689.28 4707.31 5337.92 4464.37
A precise equilibrium structure of benzene has not been Bo—BY —4245 —32.93 —38.53 —30.23

determined. The most recent estimate.afistances that is based Be 5731.73 4740.24 5376.45 4494.60

largely on experimental information is that of Pliva, Johns, and

. structural paramet
Goodman® These workers inferred the valueg(CC) = P ers

1.3902(2) and(CH) = 1.0862(15) A by correcting ground- fec fcH

state rotational constants ofis, CsDs, and*3C¢Hg for estimates rCalcuaed 1 391F 1.0800

of rotation—vibration interaction that are based on an assumed  r Empirica 1.3914  1.3902(% 1.0802  1.0862(15)
isotopic dependence. However, the CH distance that results from o 1.3988  1.399(1) 11008 1.101(5)
this procedure appears to be too long, as already pointed outin , 1.3964  1.3976(15) 1.0846  1.085(1)

refs 18 an . it is i i [

18 and 19. Moreover, t is inconsistent with otfer —,g.o or115gased on SDQ-MBPT()ice-pvTZ cubic force feld.
experlmenyal data, as discussed in the last paragraph of this Optimized at CCSD(T)/cc-pVQZ level Based on CCSD(T)cc-pVQZ
report. While the lack of an accurate structure for benzene  geometries with vibrational corrections calculated at the SDQ-MBPT(4)/
seems surprising given its position as perhaps the mostcc-pVTZ level.cRef 10.f Ref 21.

prominent prototype molecule in chemistry, it also attests to
the difficulty of extracting'e structures from experimental data.  tensors of the isotopomers at the optimized geometry is 0.04
The purpose of this work is to determine a very accurate MHz, which should be compared to a value about twenty times
equilibrium structure for benzene. Two separate approaches havdarger (0.88 MHz) that is found when the structure is refined to
been used to achieve this objective. In the first, precisely best fit the uncorrecteB, constants.
measured ground-state rotational constants of behzéiage In the second approach, the geometry of benzene was
been corrected for effects of vibratienotation interaction using  optimized at the CCSD(T)/cc-pVQZ level of theory. The energy
a calculated vibrational force field. The second is a purely minimization was performed numerically, using gradients
computational approach in which the distances are obtained byobtained by double-sided differentiation of energies with respect
straightforward energy minimization at the CC singles and to CH and CC distances. These calculations involved 510 basis
doubles levef augmented by a perturbative treatment of triple  functions and 21 occupied molecular orbitals, but only about
excitations [CCSD(T] using the cc-pVQZ basis set of 40 h are needed to obtain each energy on a Compag XP-1000
Dunning?® Previous experience suggests that this level of theory workstation. Conventional techniques were employed, i.e., all

provides distances that are accurate to better than 0.063d\, integrals in the atomic orbital basis were stored on disk as well
it serves as a useful consistency check for the structure obtainedas molecular orbital integrals that carry at least one occupied
by the mixed experimentatheoretical procedure. index. The optimized geometry obtained in this wayn(=

All harmonic and selected cubic force constants of benzene 1.0800 A and'cc = 1.3911 A, which are accurate to the number
were calculated at the level of partial fourth-order MBPT [SDQ- of digits quoted) is in nearly perfect agreement with that derived
MBPT(4)] using the cc-pVTZ basis sEtin these calculations by the empirical procedure. Based on this agreement, and the
(which involve 264 basis functions), analytic second derivatives close correspondence between these structural parameters and
of the energy were determined analytically at both the corre- those estimated in ref 18 via application of empirical corrections
sponding optimized geometrydy = 1.0758 A;rcc = 1.3864 to computed internuclear distances, we believe that the structure
A) and four additional points symmetrically disposed about the obtained from the rotational constant analysis is the most
equilibrium structure along the two totally symmetric normal accurate reliable structure of benzene produced to date. The
coordinates. Cubic constantg; (8 represents one of the two  valuesrg(CC) = 1.3915+ 0.0010 A andro(CH) = 1.0800+
totally symmetric coordinates) obtained from these four second 0.0020 A are recommended. As an additional consistency check,
derivative calculations suffice to determine vibrational correc- force constants used to correct ground state rotational constants
tions to the rotational constants ok, 13CeHs, CeDs, and for vibrational effects have also been used to calculate mean
13CsDg, although transformations amongst normal coordinate internuclear distancesgj and distances between mean inter-
representations appropriate for the various isotopomers are alsauclear positions in the vibrational ground statg 0f CeHe
required. The set of quadratic and cubic force constants is listedusing the perturbation approach advocated by KucRit3inese
in Table 2 for GHe; those for the isotopically substituted parameters have been carefully inferred from experimental data
benzenes are available from the authors. Using these datapy Tamagawa et & and provide convenient benchmarks for
empirical equilibrium rotational constant8d for the four calibrating the accuracy of our results. As seen in the last two
isotopomers were obtained from experimentally meastged rows of Table 1, agreement between calculatgdand r,
values and corrections computed according to the formulas givendistances and those of ref 21 is nearly perfect. For the CC
by Mills.1” The equilibrium structure was then obtained by least- distance, the calculated values are within the rather small ranges
squares adjustment of the two independent geometrical param+hat are consistent with experiment. CH distances are in similarly
eters of benzene to best fit the four empiri&lvalues. All good agreement with the experimental center-of-gravity esti-
relevant quantities used in the calculation are listed in Table 1. mates of 1.101 and 1.085 A, respectively. Theomparison is
Following this procedure, the CH and Ggdistances are found  somewhat more significant in the present context because of
to be 1.0802 and 1.3914 A, respectively. The maximum residual the small uncertainty assigned to the experimentally derived
between empiricaBe values and those computed from inertia quantity. All in all, these comparisons fully support both our
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TABLE 2: Quadratic and Cubic Force Constants (in cm™?1)

of CgHg in Dimensionless Normal Coordinated

i i k Pi i
1 1 1035.77 -
2 2 3255.63 -
3 3 1400.46 -
4 4 734.42 -
5 5 1031.29 -
6 6 621.07 -
7 7 3215.53 -
8 8 1684.03 -
9 9 1225.32 -
10 10 895.71 -
11 11 720.57 -
12 12 1032.20 -
13 13 3196.53 -
14 14 1314.18 -
15 15 1179.31 -
16 16 420.41 -
17 17 1015.04 -
18 18 1081.68 -
19 19 1544.68 -
20 20 3239.17 —
1 1 1 - 112.37
2 1 1 - 15.32
2 2 1 - 34.69
2 2 2 - —804.71
3 3 1 - 21.48
3 3 2 - 164.49
4 4 1 - -14.81
4 4 2 - 7.65
5 4 1 - 0.37
5 4 2 - —75.38
5 5 1 - 17.97
5 5 2 - 299.68
6 6 1 - 5.36
6 6 2 - 40.56
7 6 1 - -6.37
7 6 2 - —10.36
7 7 1 - 27.66
7 7 2 - —817.26
8 6 1 - —25.26
8 6 2 - —54.42
8 7 1 - 6.45
8 7 2 - 16.18
8 8 1 - 149.49
8 8 2 - 67.77
9 6 1 - -17.33
9 6 2 - 79.81
9 7 1 - 3.33
9 7 2 - —2.36
9 8 1 - 56.81
9 8 2 - —69.30
9 9 1 - 41.62
9 9 2 - 137.45
10 10 1 - 1.79
10 10 2 - 374.33
11 11 1 - —11.58
11 11 2 - 518.95
12 12 1 - 14.20
12 12 2 - -10.70
13 12 1 - —7.90
13 12 2 - -16.23
13 13 1 - 24.11
13 13 2 - —821.41
14 14 1 - 178.79
14 14 2 - 166.47
15 14 1 - -113.91
15 14 2 96.47
15 15 1 - 100.87
15 15 2 109.86
16 16 1 - —63.27
16 16 2 70.85
17 16 1 - -9.77
17 16 2 —159.39
17 17 1 - 11.83
17 17 2 - 293.45
18 18 1 65.03
18 18 2 99.20
19 18 1 — —53.38
19 18 2 - 85.58
19 19 1 - 69.64
19 19 2 - 101.71
20 18 1 9.55
20 18 2 - 14.06
20 19 1 —8.05
20 19 2 —30.45
20 20 1 - 32.15
20 20 2 - —808.79

a2 The mode numbering and choice of phases is consistent with that
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recommended equilibrium structure and the associated uncer-
tainty estimates.

Finally, we address the equilibrium structure previously
estimated by Pliva, Johns, and Goodm&iftheir CC distance
is in excellent agreement with that of the present study, but
there is a rather large difference in the CH distance. The
accuracy of the latter can be challenged on a number of grounds.
First, it is longer than the experimentally infernedralue. Such
a shortening of a CH distance due to vibrational effects would
imply that the mean displacement of the totally symmetric CH
stretch normal coordinat€)) is negative, clearly inconsistent
with usual models of stretching anharmonicity. Second, the
estimate of 1.086 A implies an, — r. difference of 0.015 A
while the corresponding lengthening in methane is about 0.022
A.2 Such a large difference seems rather unlilély.
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