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Problematic p-benzyne: Orbital instabilities, biradical character,
and broken symmetry

T. Daniel Crawforda)

Department of Chemistry, Virginia Tech, Blacksburg, Virginia 24060

Elfi Kraka
Department of Theoretical Chemistry, Go¨teborg University, Reutersgatan 2, S-41320 Go¨teborg, Sweden

John F. Stanton
Department of Chemistry and Biochemistry, University of Texas, Austin, Texas 78712

Dieter Cremera)

Department of Theoretical Chemistry, Go¨teborg University, Reutersgatan 2, S-41320 Go¨teborg, Sweden

~Received 29 January 2001; accepted 30 March 2001!

The equilibrium geometry, harmonic vibrational frequencies, and infrared transition intensities of
p-benzyne were calculated at the MBPT~2!, SDQ-MBPT~4!, CCSD, and CCSD~T! levels of theory
using different reference wave functions obtained from restricted and unrestricted Hartree-Fock
~RHF and UHF!, restricted Brueckner~RB! orbital, and Generalized Valence Bond~GVB! theory.
RHF erroneously describesp-benzyne as a closed-shell singlet rather than a singlet biradical, which
leads to orbital near-instabilities in connection with the mixing of orbital pairs
b1u-ag ~HOMO–LUMO!, b2g-ag ~HOMO-1-LUMO!, andb1g-ag ~HOMO-2-LUMO!. Vibrational
modes of the corresponding symmetries cause method-dependent anomalous increases
~unreasonable force constants and infrared intensities! or decreases in the energy~breaking of the
D2h symmetry of the molecular framework ofp-benzyne!. This basic failure of the RHF starting
function is reduced by adding dynamic electron correlation. However RHF-MBPT~2!,
RHF-SDQ-MBPT~4!, RHF-CCSD, RB-CCD, and RHF-CCSD~T! descriptions ofp-benzyne are
still unreliable as best documented by the properties of theb1u-, b2g-, and b1g-symmetrical
vibrational modes. The first reliable spin-restricted description is provided when using Brueckner
orbitals at the RB-CCD~T! level. GVB leads to exaggerated biradical character that is reduced at the
GVB-MP2 level of theory. The best results are obtained with a UHF reference wave function,
provided a sufficient account of dynamic electron correlation is included. At the UHF-CCSD level,
the triplet contaminant is completely annihilated. UHF-CCSD~T! gives a reliable account of the
infrared spectrum apart from a CCH bending vibrational mode, which is still in disagreement with
experiment. ©2001 American Institute of Physics.@DOI: 10.1063/1.1373433#
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I. INTRODUCTION

Singlet biradicals such as 1,4-didehydrobenzene~com-
monly known asp-benzyne!1,2 have attracted considerab
attention in the last 10 years due to their potential role
antitumor agents.3–12 Naturally occurring enediynes ca
dock into the minor grove of DNA and, if properly triggere
can undergo a Bergman cyclization reaction13–19 to produce
p-benzyne or one of its derivatives.3–12 Contrary to doublet
radicals, which attack biochemical compounds in an unse
tive manner, biradicalp-benzyne abstracts H atoms fro
well-defined positions in DNA,20–23 leading to a cleavage o
the DNA strands and the death of the parent cell.3–12 Based
on the reactivity of biradicals such asp-benzyne it is possible
to design enediyne drugs with high antitumor or antican
activity.24

The properties ofp-benzyne, in particular its stereosele
tivity, are a result of the fact that its ground state state i
singlet ~S! rather than a triplet~T!.1,2,13–19,25,26Since singlet

a!Authors to whom correspondence should be addressed.
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biradicals are difficult to detect and analyze by experimen
means,1,2,20–23,25,26most of their properties have been dete
mined by quantum chemical calculations, which have
come an indispensable tool in this connection.1,24,27–46High-
level theoretical investigations ofp-benzyne have been
carried out with wave-function-based theories such
coupled cluster~CC!,47–53 while work on the larger, deriva-
tive enediyne systems is increasingly carried out with den
functional theory~DFT!.54–62However, because of the inhe
ent multiconfigurational character of biradical systems su
as p-benzyne, both CC and DFT face considerable ch
lenges in predicting their properties.63

Single determinant approaches@e.g., Hartree–Fock
~HF!, or correlation methods based on a HF reference# can
often fail to describe biradicals correctly. Consistently re
able descriptions can only be obtained with multireferen
approaches such as MRCI64 or MRCC,65 orbital-optimized
methods such as VOO-CCD66,67 or VOO-CCD~2!,68 or, al-
ternatively, a single-determinant method recoveri
high amounts of dynamic electron correlation~depending
on the system in question!. A method such as CCSD~T!
8 © 2001 American Institute of Physics
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~the CC single- and double-excitation approach, includin
perturbative correction for triple excitations!52,69 will com-
pensate under certain circumstances for most of the defic
cies of a single-determinant reference and may there
provide a reasonable account of the properties
biradicals.24,27,28,36–38,41In this way, the rather high compu
tational expense and the often ad hoc choices of ac
spaces associated with multireference approaches ca
avoided. Nevertheless, considerable care has to be t
when systems such asp-benzyne are described using sta
dard single-determinant methods.

Quantum chemical calculations often suffer from a ph
nomenon known commonly as spatial symmetry breaking
which, in the absence of appropriate constraints, the mo
electronic wave function fails to transform as an irreduci
representation of the molecular point group.70–75 In conven-
tional ab initio calculations, these problems are manifes
within the molecular orbitals themselves, and their chem
origins can often be explained in valence-bond terms a
competition between orbital size effects and resona
interactions.76–78 Infamous examples of symmetry breakin
include NO3,

79–83 the allyl radical,73,84 and the formyloxyl
radical.78,85–89A close connection exists between symmet
breaking, molecular orbital near-instabilities, and quali
tively incorrect predictions of molecular properties such
equilibrium structures, harmonic vibrational frequenci
electric polarizabilities, and infrared transition intensitie
Several recent studies have explained how such instabil
can lead even highly correlated methods such as CC th
to yield nonsensical results for such properties.89–91

The objectives of this work are threefold. First, we sho
that a restricted HF~RHF! description ofp-benzyne suffers
from orbital near-instabilities that lead to serious flaws
correlation-corrected methods based on this reference f
tion. We investigate how dynamic electron correlation
fects can compensate for the deficiencies of the refere
wave function and how this influences the calculated pr
erties. Second, we contrast RHF based descriptions
p-benzyne with those obtained from a restricted Brueck
~RB! orbital or a spin unrestricted HF~UHF! reference func-
tion. The latter are generally considered to be inadequ
because of spin contamination inherent in the U
reference.92–100However, in the case ofp-benzyne, we show
correlation-corrected UHF methods provide highly reliab
results that can be used for the analysis of the experime
data. Accordingly, the third objective of this work is to crit
cally reanalyze the measured infrared~IR! spectrum.1 In this
regard, we also consider previous CCSD~T! studies of the
Bergman reaction and evaluate their reliability.

For the RHF- and UHF-based MBPT~2!, SDQ-
MBPT~4!, CCSD, and CCSD~T! methods, harmonic vibra
tional frequencies were computed using analytic sec
derivatives,101–103 while for the Brueckner-based method
vibrational frequencies were computed using finite diff
ences of either analytic first derivatives53,104or energies. All
CC and MBPT calculations reported in this work were c
ried out with theACESII program system105 and all GVB
calculations with theCOLOGNE 99 program system.106 ~See
EPAPS, Ref. 127.!
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II. THE ELECTRONIC STRUCTURE OF p-BENZYNE:
BASIC REQUIREMENTS FOR A WAVE-
FUNCTION-BASED DESCRIPTION

The peculiar electronic nature ofp-benzyne results from
the fact that the singly occupied orbitals on carbon atoms
and four form symmetric and an antisymmetric combinatio
by through-space interactions~ag below b1u!, which are
nearly degenerate. These orbitals can interact withs~CC!
ands* (CC) orbitals~Fig. 1!, which leads to a stabilization
of theb1u MO, but a destabilization of theag MO @Fig. 1~a!#
so that the energy of the former drops below th
of the latter. This well-known through-bon
interaction1,24,27,28,45,107,108between the unpaired electrons
C1 and C4 has two important consequences:~a! The un-
paired electrons become more coupled and consequently
biradical character ofp-benzyne is reduced.~b! The
~H!CC~H! bonds C1–C2, C3–C4, C4–C5, C6–C1 are sho
ened while the CC~H! bonds C2–C3 and C5–C6 are lengt
ened@Fig. 1~d!#.

Since the HOMO–LUMO gap is still relatively small, i
is possible that both theb1u-symmetric HOMO and the
ag-symmetric LUMO are important for a correct descriptio
of the 1Ag ground state ofp-benzyne. Hence, the RHF
ground state electronic configuration (̄b1u

2 ag
0) can mix in

the exact wave function with the doubly excited singlet co
figuration (̄ b1u

0 ag
2) thus lending the1Ag ground state bi-

radical character due to the fact that one electron is pre
entially at C1, the other at C4. This must not be confus
with the excited open-shell singlet and triplet biradical sta
of p-benzyne ~with the electron configuration̄ b1u

1 ag
1!,

which possess 100% biradical character.
Even if the two unpaired electrons are well separat

they can interact via spin polarization, which can be e
plained by using the intraatomic Hund rule and electron c
pling in bond pairs. As indicated in Fig. 1~c! spin polariza-
tion implies that electrons at C4 possess spin opposite
those at C1. If electrons at C1 havea spin, in a singlet state
stabilizingb–b interactions will be encountered at C4 whi
in a triplet state destabilizingb–a interactions must occur a
C4. Hence, spin polarization is another reason why the
glet state ofp-benzyne is more stable than its lowest trip
state.

Approximations in wave-function-based methods us
to describep-benzyne can lead to erroneous desciptions
the properties of the biradical. In a two-configuration d
scription, such as that provided by a GVB wave function,109

the natural orbitalswa andwb @similar to ca andcb in Fig.
1~b!# are used to form the GVB pair orbitals, which a
closely related to theb1u-HOMO and theag-LUMO of the
RHF description~cf. Fig. 2!. The first GVB pair orbital is
occupied by 1.18 electrons, the second by 0.82 electrons
cording to the calculated natural orbital occupation numb
~NOON!.110 The similarity of the NOON values is consoc
ate with a low overlap betweenwa and wb (0.090) and a
strong biradical character of 82%. The partial occupation
both the GVB orbitals and the resulting high biradical ch
acter imply that the CC~H! and ~H!CC~H! bonds adjust in
length relative to their RHF counterparts~from 1.328 and
1.489 to 1.370 and 1.401 Å, respectively; cf. Table I!. There-
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 1. ~a! Schematic representation of orbital mixings leading to throu
bond interactions and spin coupling between the single electrons
p-benzyne.~b! HOMO–LUMO mixing leading to the orbitalsca and cb

used in the UHF description. The GVB natural orbitalswa andwb resemble
ca andcb . ~c! Schematic representation of spin polarization in the sing
and the triplet state ofp-benzyne using the intraatomic Hund rule and p
coupling of bonding electrons.~d! Distortion of the C6 hexagon caused by
through bond interactions between the single electrons. Symbols l a
denote a lengthening and a shortening of the CC bonds, respectively.
Downloaded 18 Feb 2005 to 129.16.100.35. Redistribution subject to AIP
fore, models which give large values ofD5r ~C1–C2!
2r ~C2–C3!, favor a closed-shell singlet description o
p-benzyne, while small values ofD indicate strong biradica
character~e.g.,D50.161 Å for RHF and 0.031 Å for GVB!.
Hence, we will useD as a qualitative measure of the amou
of biradical character predicted by a given level of theo
~Fig. 3!.

The lack of biradical character included in the RH
model, for example, leads to an unstable molecular ge
etry, as indicated by imaginary frequencies for modes 8,
and 18 in Table I. On the other hand, high biradical charac
implies that through-bond coupling between the unpai
electrons is largely suppressed, and we consider the G
wave function prediction of an 82% biradicaloid to represe
an upper limit for pure-singlet wave functions. As indicat
in Table I, the D2h-symmetrical equilibrium geometry o
p-benzyne is stable at the GVB level.

Alternatively, one could choose to use a broke
symmetry unrestricted HF~BS-UHF! wave function to de-
scribep-benzyne.70–75 Such a wave function is constructe
by mixing HOMOcb1u

and LUMOcag
to give the new or-

bitals,

ca5cosucb1u
1sinucag

, ~1!

cb52sinucb1u
1cosucag

. ~2!

-
of

t

s

FIG. 2. Schematic representation of MOs 17 to 23 ofp-benzyne. Orbital
symmetries and energies@RHF/6-31G(d,p)# are given for each orbital.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE I. Geometrical parameters, harmonic vibrational frequencies, and IR intensities for the1Ag ground state ofp-benzyne as obtained by various metho
and the 6-31G(d,p) basis set.a

Parameter RHF UHF GVB

MBPT~2! SDQ-MBPT~4! CCSD

RB-CCDb

CCSD~T!

RB-CCD~T!bRHF UHF GVB RHF UHF RHF UHF RHF UHF

r (C1–C2) 1.328 1.391 1.370 1.381 1.361 1.368 1.361 1.371 1.360 1.378 1.360 1.382 1.379 1.38
r (C2–C3) 1.489 1.411 1.401 1.421 1.385 1.433 1.444 1.396 1.449 1.410 1.447 1.426 1.416 1.42
D 0.161 0.020 0.031 0.040 0.024 0.065 0.083 0.025 0.089 0.032 0.087 0.044 0.037 0.04

v1 (ag) 3414 3370 3379 3289 3304 3298 3298 3292 3299 3278 3300 3264 3258 3263
v2 (ag) 1379 1538 1646 1327 1653 1356 1338 1589 1344 1531 1337 1342 1498 1338
v3 (ag) 1256 1194 1250 1185 1220 1207 1194 1207 1193 1192 1194 1174 1183 1173
v4 (ag) 980 993 1116 1026 1067 1027 1025 1052 1017 1047 1021 1018 1044 1017
v5 (ag) 775 630 662 698 652 648 699 639 696 625 694 608 620 598

v6 (au) 1004 965 1080 927 1077 925 937 1028 923 959 923 913 938 915
v7 (au) 489 390 464 454 458 440 454 432 447 408 446 417 407 415

v8 (b1g) 961i 806 897 2790 903 708 891 858 426 794 582 349 771 770

v9 (b2g) 946 943 1042 843 1031 877 842 986 860 919 863 832 897 833
v10 (b2g) 310i 673 715 23161 696 518 1179 670 504 606 519 5612i 577 596

v11 (b3g) 3396 3353 3362 3280 3291 3292 3285 3276 3285 3263 3286 3250 3242 3234
v12 (b3g) 1869 1624 1785 1678 1808 1686 1737 1735 1728 1694 1729 1657 1683 1624
v13 (b3g) 1335 1369 1397 1292 1341 1302 1299 1336 1297 1323 1299 1301 1309 1258
v14 (b3g) 592 625 640 566 610 578 572 606 576 594 577 586 584 594

v15 (b1u) 3391 3353 3361 3249 3288 3282 3272 3275 3283 3262 3283 3238 3241 3246
v16 (b1u) 1504 1559 1604 1470 1552 1475 1480 1533 1486 1506 1487 1482 1489 1494
v17 (b1u) 1164 1074 1124 1068 1116 1090 1094 1095 1106 1074 1098 1058 1067 1049
v18 (b1u) 621i 1024 1050 5788 972 952 2698i 977 1032 967 911 3739i 953 999

v19 (b2u) 3415 3368 3378 3290 3305 3293 3298 3291 3299 3277 3300 3263 3257 3245
v20 (b2u) 1546 1411 1457 1597 1474 1489 1432 1438 1435 1400 1437 1388 1391 1380
v21 (b2u) 1144 1388 1297 1345 1260 1267 1199 1257 1168 1264 1173 1275 1256 1276
v22 (b2u) 306 1117 1097 1104 1114 1084 1020 1102 955 1088 965 1068 1079 1060

v23 (b3u) 812 786 853 771 861 746 767 830 755 781 756 750 766 751
v24 (b3u) 519 443 492 469 492 456 475 474 469 445 469 443 439 442

I 15 (b1u) 31 10 6 Xc 1 ¯ 767 3 0 4 1 1107 4 ¯

I 16 (b1u) 23 9 10 30 10 ¯ 29 9 8 6 0 10 5 ¯

I 17 (b1u) 18 2 11 18 18 ¯ 41 12 2 9 23 19 10 ¯

I 18 (b1u) Xc 7 5 Xc 3 ¯ Xc 5 28 7 68 Xc 10 ¯

I 19 (b2u) 6 30 18 2 5 ¯ 1 12 0 13 1 10 12 ¯

I 20 (b2u) 15 8 8 3 5 ¯ 5 6 5 6 5 3 6 ¯

I 21 (b2u) 21 0 0 4 0 ¯ 7 0 10 0 10 3 1 ¯

I 22 (b2u) 6 1 0 3 9 ¯ 1 6 0 4 0 2 3 ¯

I 23 (b3u) 95 74 79 74 73 ¯ 77 69 77 65 77 69 65 ¯

I 24 (b3u) 34 9 14 13 14 ¯ 16 12 15 11 15 10 12 ¯

^Ŝ2& 0.0 1.83 0.0 0.0 1.53 0.0 0.0 ¯ 0.0 0.980 ¯ 0.0 0.881 ¯

HOMOd 2.000 1.068 1.179 1.641 1.123 ¯ 1.691 1.117 1.687 1.108 1.677 1.305 ¯ ¯

LUMOe 0 0.932 0.821 0.355 0.860 ¯ 0.294 0.868 0.308 0.877 0.320 0.683 ¯ ¯

aBond lengths and differenceD5r (C2–C3)2r (C1–C2) in Å, frequencies in cm21, IR intensities in km/mol.
bAll Brueckner orbitals are spin restricted.
cComputed intensity exceeds 5000 km/mol.
dNatural orbital occupation number of theb1u-symmetric HOMO.
eNatural orbital occupation number of theag-symmetric LUMO.
bi
ra

se
Such a mixing leads to orbitalsca andcb which transform
as irreducible representations of theC2v point group, rather
than those of the higher-symmetryD2h group associated
with the molecular geometry. These broken-symmetry or
als @Fig. 1~b!# are largely localized and resemble the natu
orbitalswa andwb of the GVB calculation.111 The open-shell
Downloaded 18 Feb 2005 to 129.16.100.35. Redistribution subject to AIP
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part of the BS-UHF wave function is constructed from the
orbitals,

Fopen
BS-UHF5ucacb&. ~3!
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FIG. 3. Changes in the bond lengt
differenceD in dependence of refer-
ence function, method, and basis se
The limiting value~denoted by the up-
per horizontal line! is given for the es-
timated UHF-CCSD~T!/cc-pVTZ re-
sult.
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Hence, theFopen
BS-UHF wave function can be rewritten as a mi

ture of singlet and triplet states~and thus with broken spin
symmetry! as

Fopen
BS-UHF5cos2 uucb1u

cb1u
&2sin2 uucag

cag
&

1& cosu sinuucb1u
cag

&T, ~4!

where a bar over the orbital symbol indicatesb-spin and the
triplet function (MS50) is given by

ucb1u
cag

&T5
1

&
~ ucb1u

cag
&2ucag

cb1u
&). ~5!

Hence, the BS-UHF wave function mimics the GVB wa
function at the price of triplet contamination. The biradic
character of the BS-UHF wave function can be calcula
from the optimized rotational angleu or from the NOON
values, which both suggest 93% biradical character. H
ever, this is the total biradical character for both the sing
state and the triplet contaminant. The calculated spin-squ
expectation value,̂Ŝ2&, of 1.83 suggests that actually mo
than one triplet contaminant plays a role in the UHF ref
ence~see Sec. IV! thus increasing the biradical character
an unreasonable value. This is confirmed by the fact that
CC~H! and ~H!CC~H! bond lengths are nearly equivalent
1.391 and 1.411 Å,D50.020 Å ~cf. Table I and Fig. 3!. In
addition, the calculated UHF geometry is a minimum, i.e.,
vibrational frequencies are real.

In summary, each of the three reference wave functi
has deficiencies. GVB and UHF appear to exaggerate
biradical character ofp-benzyne, while RHF erroneously in
Downloaded 18 Feb 2005 to 129.16.100.35. Redistribution subject to AIP
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cludes no biradical component. In addition, UHF involves
substantial admixture of triplet contamination. Furthermo
the failure to predict a correct symmetry of the molecu
framework of p-benzyne suggests that the inadequacies
the RHF wave function may be the most serious.

III. CORRELATION-CORRECTED DESCRIPTIONS OF
p-BENZYNE

A reliable description ofp-benzyne, as measured by ca
culated geometries, vibrational frequencies, and IR inte
ties ~see Table I!, can potentially be determined from inad
equate RHF, UHF, or GVB reference wave functio
through the systematic inclusion of greater and greater le
of dynamic electron correlation. Concomitantly, the true
radical character ofp-benzyne can be obtained and the trip
contaminations of UHF-based descriptions vanish. We h
investigated this issue by using several levels of theory w
two different basis sets: the 6-31G(d,p) basis set112 for
comparison to previous ab initio studies, as well as Du
ning’s correlation-consistent polarized-valence triple-z
~cc-pVTZ!113 basis set to test the effects of varyin
increasing the number of basis functions.

A. GVB descriptions

At the GVB-MP2 level of theory, the most importan
correlation contributions result from double excitations
volving theb1u ~HOMO! andag ~LUMO! orbitals and theau

orbital (LUMO11) ~Fig. 2!. This leads to a substantial low
ering of the GVB biradical character as documented b
lengthening of the~H!CC~H! bonds~from 1.401 to 1.433 Å!,
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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while the CC~H! bonds become only slightly shorter~the au

orbital is nonbonding with regard to these bonds, cf. Fig.!.
The value ofD increases for GVB-MP2 to 0.065 Å corre
sponding to a reduction of the biradical character to ab
60%. As in the case of the GVB reference, the GVB-M
equilibrium geometry is stable.

B. RHF descriptions

Inclusion of pair correlation effects as described
double excitations represents an important correction to
RHF reference wave function. At the RHF-MBPT~2! level,
the major contribution comes from theb1u→ag excitation
(T250.335),114 which leads to a shortening of the~H!CC~H!
and a lengthening of the CC~H! bonds. The value ofD in this
case is reduced from 0.161 to 0.039 Å. According to
RHF-MBPT~2! NOON values, theag-LUMO is occupied by
0.355 electrons while the population of theb1u-HOMO is
reduced from 2.0 to 1.641, suggesting that the biradical c
acter increases to about 36%.

While the equilibrium geometry at the RHF-MBPT~2!
level is an energy minimum as indicated by the presenc
only stable vibrational modes, several of the frequencies
clearly nonsensical:~a! the RHF-MBPT~2! prediction for
v8(b1g) of 2790 cm21 is substantially different from its
UHF, GVB, UHF-MBPT~2!, and GVB-MBPT~2! counter-
parts, all of which are similar to one another at around 8
cm21; ~b! the RHF-MBPT~2! values for v10(b2g) and
v18(b1u) are also unreasonably large indicating a resista
of the molecule to change orbital contributions to the wa
function of certain symmetry;~c! the IR transition intensities
of v15(b1u) and v18(b1u) are larger than 5000 km/mol,
result of artifactual orbital contributions which will be dis
cussed later.

At the RHF-SDQ-MBPT~4! level, the exaggeration o
the electron-pair correlation effects typical of RHF-MBPT~2!
is corrected somewhat by the inclusion of disconnec
quadruple-excitation effects. Although the calculated eq
librium geometry is unstable, as indicated by the imagin
vibrational frequency forv18(b1u), the magnitudes of the
frequencies are somewhat better behaved than their R
MBPT~2! analogs;~a! the value ofv8(b1g) is now normal;
~b! the value ofv10(b2g) is twice as large as the correspon
ing UHF-MBPT~2! value:~c! the intensities of modes 15 an
18 are still too large. Since RHF-SDQ-MBPT~4! recovers
more dynamic electron correlation, it also should provid
slightly better representation of the biradical character
p-benzyne despite the RHF starting function. At the sa
time, effects of the RHF-MBPT~2! double excitations are
reduced at the RHF-SDQ-MBPT~4! level by double–double
coupling and disconnected quadruple excitations. For
ample, the dominantb1u→ag double excitation is now ac
companied by ab2g→au double excitation thus reducing th
effect of the former. This is clearly reflected by the fact th
~a! the population of theag NOON LUMO is decreased from
0.355~MBPT~2!! to 0.294~Table I! and~b! the value ofD is
increased to 0.084 Å~Table I, Fig. 3!.

According to the calculated vibrational frequencies a
intensities, the electronic structure ofp-benzyne at the RHF
CCSD level appears to be both stable and no longer e
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tronically distorted despite the use of the RHF referen
function. In view of the fact that RHF-CCSD includes a
infinite order correlation effects in the single- and doub
excitation space, this seems to be reasonable. However, c
parison to the UHF-based CC results, which converge i
systematic manner~vide infra!, reveals that frequency
v8(b1g) is too low by more than 300 cm21 and the value of
v10(b2g) by about 100 cm21. For v15(b1u) the calculated
intensity is too small and forv18(b1u) both frequency and
intensity are too large. Further, the value ofD is similar to
the corresponding RHF-SDQ-MBPT~4! value. The use of
restricted-Brueckner orbitals as a reference determinant
the CCSD wave function leads to similar results as RH
CCSD.

The inclusion of triple-excitation contributions at th
RHF-CCSD~T! level dramatically resuscitates the erroneo
orbital contributions which plagued the RHF-MBPT~2! and
RHF-SDQ-MBPT~4! levels of theory:~a! Both thev10(b2g)
and v18(b1u) are imaginary;~b! the intensities of modes
18(b1u) and 15(b1u) are very large;~c! the value ofv8(b1g)
is too small by several hundred cm21. NOON values sugges
an increase of the biradical character at the RHF-CCSD~T!
level to 69%; however, this value is misleading insofar as
also includes effects from dynamic electron correlation
volving three-, disconnected four- or even higher electr
excitations.115

At the RB-CCD~T! level of theory, the deficiencies o
the restricted starting function appear to be substantially
set. TheD value of 0.041 Å~Table I! is halfway between the
corresponding RHF-CCSD~T! and UHF-CCSD~T! values.
Agreement between calculated and experimental frequen
is satisfactory and close to the UHF-CCSD~T! description
~vide infra!. Although we were unable to obtain IR intens
ties at this level of theory, we conclude that RB-CCD~T!
includes a sufficient amount of dynamic electron correlat
effects to offer a reliable description forp-benzyne and its
analogues. The same conclusion has been drawn by o
authors.24,27,28,41,45

It is also worth noting that theT1 diagnostic,116 a com-
mon measure of the quality of the reference wave funct
for describing multiconfigurational effects in CC calcul
tions, is '0.016 for RHF-CCSD and RHF-CCSD~T!. This
value is below the proposed cutoff of 0.02 above which C
results are generally considered suspect. In the case
p-benzyne, however, the most important single excitat
wave function amplitudes that could potentially contribu
heavily to theT1 diagnostic— in particular, those excitation
between the HOMO, HOMO-1, HOMO-2, and the LUMO—
are constrained by symmetry to be identically zero. The
fore, while the true biradical character ofp-benzyne clearly
compromises the quality of the RHF reference wave fu
tion, the T1 diagnostic offers no warning of potentia
problems.117 Hence,p-benzyne represents a failure of theT1

diagnostic for identifying certain types of inadequacies of
reference determinant.

C. Basis set effects

In order to test the adequacy of the 6-31G(d,p) basis for
a reasonable description of electron correlation effects
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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p-benzyne, we examined the effect of improving the basis
the cc-pVTZ level with the RHF-MBPT~2!, RHF-SDQ-
MBPT~4!, RHF-CCSD, and RHF-CCSD~T! levels of theory.
None of these calculations led to a significant improvem
in calculated geometries, vibrational frequencies or IR int
sities, and the essential deficiencies observed at
6-31G(d,p) level remained. Small changes in the values
D suggest even a reduction of the biradical character~Fig. 3!.
The more flexible cc-pVTZ basis set increases~a! the over-
lap between the interacting orbitals~Fig. 1! and, therefore,
the coupling between the unpaired electrons in the refere
wave function and~b! dynamic electron correlation effects
the MBPT and CC levels of theory. Hence, there is
chance of curing the starting wave function at a given le
of theory by simply improving the basis set. On the oth
hand, it is reasonable to expect that once the basic failur
the restricted description is compensated by adding a s
cient amount of dynamic electron correlation any larger ba
set will lead to more accurate properties ofp-benzyne.

D. UHF descriptions

By adding dynamic electron correlation to a UH
description of p-benzyne, the calculated propertie

TABLE II. Geometrical parameters, harmonic vibrational frequencies,
IR intensities for the1Ag ground state ofp-benzyne as obtained by variou
methods based on a RHF reference function and the cc-pVTZ basis sea

Parameter MBPT~2! SDQ-MBPT~4! CCSD CCSD~T!

r (C1–C2) 1.370 1.347 1.346 1.366
r (C2–C3) 1.420 1.444 1.448 1.428
D 0.050 0.097 0.102 0.062

v1 (ag) 3257 3274 3278 3240
v2 (ag) 1290 1306 1314 1292
v3 (ag) 1162 1179 1180 1161
v4 (ag) 1019 1016 1009 1015
v5 (ag) 690 704 705 640

v6 (au) 958 967 957 949
v7 (au) 465 465 462 439

v8 (b1g) 2780 675 360 427

v9 (b2g) 912 927 910 903
v10 (b2g) 9862 690 520 2035i

v11 (b3g) 3240 3254 3257 3220
v12 (b3g) 1657 1732 1726 1653
v13 (b3g) 1258 1272 1270 1270
v14 (b3g) 546 556 561 569

v15 (b1u) 3216 ~4575! 3244 ~590! 3256 ~0! 3211 ~583!
v16 (b1u) 1435 ~48! 1452 ~51! 1459 ~1! 1449 ~25!
v17 (b1u) 1051 ~25! 1084 ~52! 1088 ~29! 1052 ~30!
v18 (b1u) 5838 ~Xb! 2652i ~Xb! 923 ~25! 2891i ~Xb!

v19 (b2u) 3256 ~0! 3273 ~1! 3277 ~2! 3239 ~1!
v20 (b2u) 1592 ~2! 1434 ~3! 1437 ~3! 1392 ~2!
v21 (b2u) 1304 ~5! 1151 ~11! 1136 ~13! 1218 ~6!
v22 (b2u) 1084 ~4! 967 ~0! 903 ~0! 1037 ~2!

v23 (b3u) 782 ~86! 784 ~84! 777 ~85! 769 ~82!
v24 (b3u) 477 ~19! 486 ~24! 482 ~24! 461 ~16!

aBond lengths and differenceD5r (C2–C3)2r (C1–C2) in Å, frequencies in
cm21, IR intensities in km/mol.

bComputed intensity exceeds 5000 km/mol.
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smoothly change and seem to converge in each case
limiting value. The values of the CC~H! and ~H!CC~H!
bond lengths are estimated to be 1.363 and 1.418 Å at
UHF-CCSD~T!/cc-pVTZ level of theory,118 thus yielding
a D of 0.055 Å ~Fig. 3!. These values are close to th
UB3LYP/6-31111G(3d f ,3pd) results of Cremer and co
workers ~1.366, 1.419, 0.053 Å, Fig. 3!.1 In addition, the
GVB-MP2 ~1.368, 1.433, 0.065, Table I!, RHF-CCSD~T!/cc-
pVTZ ~1.366, 1.428, 0.062, Table II!, and estimated UHF-
CCSD~T!/cc-pVTZ results ~1.363, 1.418, 0.055 Å! ~Ref.
118! are in the range of estimated limiting values. This ind
cates that even RHF-CCSD~T!, despite the instability of the
calculated geometry, can provide a reasonable energy
geometrical parameters.

The NOON values~Table I! suggest that the high biradi
cal character of the UHF reference function is reduced
adding dynamic electron correlation. This is reasonable
cause the addition of dynamic correlation effects leads t
suppression of triplet contamination, which artificially e
hances the biradical character. We note in this connec

that the expectation valuêŜ2& itself is no longer at this leve
of theory a reliable parameter to reflect the degree of s
contamination.119 A better indicator of spin contamination a

the UHF-CCSD level is the energy-related term of^Ŝ2& de-
scribed by He and Cremer,119 which is close to zero indicat
ing that the (S11) contaminants are annihilated. This is
line with the fact that the UHF-CCSD energy is identic
with that of spin-projected CCSD based on the use of thS
11 projection operator as was first observed by Schlege94

Hence, the UHF-CCSD and UHF-CCSD~T! levels of theory
provide reasonable descriptions of the biradical characte
p-benzyne where the latter is more reliable in view of t
higher amount of dynamic electron correlation effects co
ered. Therefore, the UHF-CCSD~T! description ofp-benzyne
should be considered to be the most reliable obtained in
work.

IV. ORBITAL INSTABILITY EFFECTS IN p-BENZYNE

The orbital instability effects alluded to above are t
result of near-degeneracies among electronic configurat
of different symmetry, leading to energetic competitio
among solutions to the HF equations. Although this com
tition cannot directly affect properties such as the energy
geometry, it can dramatically distort second- and high
order properties~e.g., harmonic vibrational frequencies or I
intensities! through the first-derivative of the wave function
which allows configurations of different symmetry to mix.

Another, closely related perspective on the instabil
problem can be gained from the the second-order Ja
Teller effect~SOJT!,120 where a given electronic state of on
symmetry interacts with another state of different symme
along a particular vibrational mode. A Taylor expansion
the molecular Hamiltonian in a given vibrational mode,Qm ,
leads to the second-order energy expression,

d
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Em~2!5
1

2 K F0U ]2H

]Qm
2UF0L Qm

2

1(
k

U K F0U ]H

]Qm
UFkL U2

E02Ek
Qm

2 , ~6!

whereF0 andFk , respectively, represent the electronic st
of interest~in this case, the ground1Ag state ofp-benzyne!
and a perturbing state. The first term in Eq.~6! involves the
diagonal contribution to the quadratic force constant in
absence of the state interaction, and the second term
magnitude of the interaction. The second term will be no
zero only if the direct product of the irreducible represen
tions of ]H/]Qm , F0 , andFk contains the totally symmet
ric representation of the molecular point group. If t
perturbing state,Fk , lies higher in energy thanF0 , then the
second term in Eq.~6! will be negative and, depending on i
magnitude, may cause an energy lowering upon distortio
the molecular geometry along the symmetry-breaking m
Qm . If either the two electronic states are close in energy
the nonadiabatic coupling matrix element in the numerato
substantial, then this term will be large and the result
SOJT interaction will be significant.

To understand the anomalies in RHF frequencies
intensities in Table I within the framework of Eq.~6!, we
may takeF0 to be the HF wave function for the1Ag ground
state ofp-benzyne andFk to be any of the electronic con
figurations obtained by exciting an electron from the HOM
(b1u), HOMO-1 (b2g), or HOMO-2 (b1g) orbitals into the
LUMO (ag) ~but without subsequent relaxation of the m
lecular orbitals!. The denominator in the second term the
fore becomes the corresponding orbital energy differen
andQm an appropriate vibrational mode for mixing the tw
orbitals of interest. A measure of the importance of the
mixings is given by the eigenvalues of the molecular orb
Hessian90—the second derivative of the HF energy with r
spect to orbital rotations—whose inverse implicitly appe
in the second term of Eq.~6!.90 Strongly positive orbital
Hessian eigenvalues indicate a highly stable HF wave fu
tion, while a strongly negative eigenvalue indicates tha
lower-energy~possibly symmetry-broken! solution to the HF
equations exists. In the case ofp-benzyne, however, a mor
subtle problem arises, insofar as the signs of the Hes
eigenvalues are much less important than their magnitu
As discussed in detail in Ref. 90, a near-zero eigenvalue
lead to nonsensical vibrational frequencies and IR intens
~cf. Table I!, even for highly correlated wave functions.

In a similar manner, Eq.~6! may be used to understan
the anomalous CC frequencies and intensities by takingF0

to be the appropriate correlated wave function,Fk to be an
excited state wave function~specifically a solution of the
applicable equation-of-motion CC equations!, and the de-
nominator of the second term the difference in the energ
of the two states. However, unlike the HF case, in which
response of the molecular orbitals alone determines the
portance of the]H/]Qm term, in CC theory, the response
both the molecular orbitals and the cluster amplitudes in
ences the strength of the SOJT interaction. Nonetheless,
Downloaded 18 Feb 2005 to 129.16.100.35. Redistribution subject to AIP
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the molecular orbital response—as measured by the ei
values of the molecular orbital Hessian—which leads to
clearly incorrect CC vibrational frequencies observed
Table I.121

For p-benzyne, three orbital near-instabilities plague t
RHF-based MBPT and CC methods~Table III!. The first
involves the interaction between theag-symmetrical LUMO
and theb1u-symmetrical HOMO. The energy difference b
tween the two is only'6.2 eV ~Fig. 2! and the associated
eigenvalue of the HF molecular orbital Hessian is 0.0213Eh

~Table III!. As discussed in Sec. III, this instability has
pronounced effect on the RHF-based MBPT~2!, SDQ-
MBPT~4!, and CCSD~T! harmonic vibrational frequencies i
the b1u-symmetry block.

The second important orbital instability inp-benzyne in-
volves rotation between theag LUMO and theb2g HOMO-1
~orbital energy difference:'8.2 eV, Fig. 1!. The correspond-
ing eigenvalue of the molecular orbital Hessian is on
0.0062Eh , suggesting a strong interaction between the t
orbitals upon distortions of the molecular framework of a
propriate symmetry. This problem is manifested in theb2g

harmonic vibrational frequencies at certain levels of theo
particularly RHF-MBPT~2! and RHF-CCSD~T! ~see Sec.
III !.

The third orbital instability again involves theag LUMO
and theb1g HOMO-2 ~Fig. 1!. The harmonic vibrational
frequency distortions caused by this instability are mo
subtle than theirb1u andb2g counterparts, and would appea
to be nonexistent at several levels of theory without a dir
comparison to the UHF-based results~see Sec. III!. The ei-
genvalue of the molecular orbital Hessian for this interact
is only 0.0368Eh , a value small enough to lend skepticis
for the accuracy of results associated with theb1g vibrational
mode.

In Fig. 4, theb1u-, b2g-, and b1g-symmetrical normal

TABLE III. Stability analyses of the RHF/6-31G(d,p) description of the
1Ag ground state ofp-benzyne.a

Symmetry Largest orbital components Eigenvalue (Eh)

Spatial-symmetry instabilities
B1u b1u–ag ~20–21! 0.0213
B2g b2g–ag ~19–21! 0.0062
B1g b1g–ag ~18–21! 0.0368

Singlet instabilities
B2g b2g–ag ~19–21! 0.0118

b1u–b3u ~20–23!
B1g b1g–ag ~18–21! 0.0461

b1u–au ~20–22!

Triplet instabilities
B1u b1u–ag ~20–21! 20.2782
B2g b2g–ag ~19–21! 20.0626

b1u–a3u ~20–23!
B1g b1g–ag ~18–21! 0.0354

b1u–au ~20–22!
B1u b1g–au ~18–22! 0.0479

b2g–b3u ~19–23!

aThe symmetry notation and the numbering of the MOs is explain
in Fig. 2. All orbital Hessian eigenvalues were calculated at
RHF-CCSD~T!/6-31G(d,p) geometry.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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modes ofp-benzyne are shown schematically. Those mo
that lead to a pronounced change in the carbon framew
~i.e., the folding modev8 , the chair modev10, and the
deformation modev18!, in particular with regard to the
C1–C4 distance and the overlap between theb1u-HOMO
ands* (CC) orbitals@Fig. 1~a!#, should be the most sensitiv
with regard to a geometry-dependent orbital mixing. As
evident from Table I, this is clearly the case. Furthermo
those normal modes that preferentially involve moveme
of the H atoms, on the other hand~e.g., modes 9, 15, 16, an
17, as shown in Fig. 4!, are less affected by orbital mixing
and should therefore be less influenced by the orbital n
instability effects. Nevertheless, the orbital mixings still ha
some impact on these modes, as indicated by anomalou
intensities. It should be noted however, forp-benzyne, the
effects expressed within the framework of Eq.~6! depend on
the erroneous description of the interaction ofF0 and ap-
proximate excited state wave functions,Fk , upon perturba-
tion of the molecular framework. While the mathematic
analysis is indeed that of SOJT interactions, this effec
clearly artifactual inp-benzyne and must not be confus
with true SOJT phenomena.

It should also be noted that the RHF wave function co
tains two triplet instabilities, with eigenvalues of20.278 and
20.063 Eh ~Table III! involving the HOMO, LUMO, and

FIG. 4. Schematic representation of vibrational normal modes ofb1u-, b2g-,
and b1g-symmetry. For those modes which preferentially involve t
C6-framework, H atoms are not shown.
Downloaded 18 Feb 2005 to 129.16.100.35. Redistribution subject to AIP
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LUMO12. These instabilities@perhaps along with highe
odd-(2S11) spin states# are responsible for the largêŜ2&
value of the UHF reference function. Since two addition
eigenvalues of the triplet stability matrix have very sm
values ~0.035 and 0.048Eh , Table III!, additional triplet
contaminations can be expected from the corresponding
bital combinations. Hence, the stability analyses carried
in this work demonstrate that the problem of correctly d
scribing the1Ag ground state ofp-benzyne with a HF start-
ing function does not just depend on a HOMO–LUMO i
stability, but involves the frontier orbitals 18 to 23 shown
Fig. 2.

V. COMPARISON WITH EXPERIMENT

Among the many methods examined here, the molec
properties ofp-benzyne are best described by CC metho
based on a UHF reference wave function. This becomes
vious when comparing the calculated and measured
spectra1 of p-benzyne~Table IV!. For the harmonic vibra-
tional frequencies, an optimal scale factor~Table IV! was
determined utilizing the set of seven measured frequenc
In most cases, the new scale factors compare well with th
normally used for a given method/basis s
combination.122,123 Scaled and measured frequencies dif
on the average by more than 20 cm21 when a method with
little electron correlation@e.g., UHF, GVB, GVB-MBPT~2!,
MBPT~2!, MPBT~4!, Table IV# or a method based on a re
stricted reference function~RHF-CCSD, RB-CCD! is used.
A satisfactory agreement is only obtained for UHF-CCS
~mean deviation, 16.7 cm21!, RB-CCD~T! ~16.2 cm21!, and
UHF-CCSD~T! ~15.4 cm21, Table IV!, which are compa-
rable with the accuracy of the previously published UB3LY
frequencies@6-31G(d,p) 12.6; 6-31111G(3d f ,3pd): 16.9
cm21, Ref. 1 and Table IV#. Two important conclusions can
be drawn from the data collected in Table IV:

~a! Restricted and unrestricted wave-function-bas
methods seem to converge together to the same limit,
ticularly at the RB-CC and UHF-CC levels of theory. Not
worthy is the fact that the UHF-CCSD~T! and RB-CCD~T!
results agree well with the broken-symmetry UB3LYP r
sults published in Ref. 1. Since it appears that UDFT is a
to reliably describe biradicals such asp-benzyne,124 the
agreement among RB-CCD~T!, UHF-CCSD~T!, and
UB3LYP is another indication that at this level of theory th
biradical character ofp-benzyne and its molecular propertie
can be adequately described.~b! At all levels of theory that
lead to a mean deviation smaller than 20 cm21 the value of
the frequencyv17(b1u) is found to be close to or slightly
larger than 1000 cm21 while the experimental value is 976 o
980 cm21.1 Although affected by theag–b1u orbital insta-
bility, this CCH bending mode~cf. Fig. 3! is less sensitive to
the orbital instability effects described earlier. The fact th
even after scaling all unrestricted methods~including
UB3LYP! as well as RB-CCD~T! fail to reproduce this fre-
quency with an accuracy better than 20 cm21 suggests that
either anharmonic effects are not properly accounted by
scaling factors or the experimental frequency may be ass
ated with a compound other thanp-benzyne. A UHF-
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE IV. Comparison of experimental and scaled harmonic vibrational frequencies for the1Ag ground state ofp-benzyne as obtained by various metho
and basis sets.a

No. Method/basis set v16(b1u) v17(b1u) v18(b1u) v20(b2u) v21(b3u) v23(b3u) v24(b3u)
Scale
factorb

Mean
dev.c ZPEd

ZPE
scaledd

1 RHF/6-31G(d,p) 1349 1044 557i 1387 1026 728 466 0.897e iF iF
2 UHF/6-31G(d,p) 1429 984 939 1294 1273 721 406 0.9169 27 48.6 44
3 GVB~1!/6-31G(d,p) 1412 989 924 1282 1141 751 433 0.8844 25 50.2 44
4 RHF-MBPT~2!/6-31G(d,p) 1377 1001 5423 1496 1260 722 439 0.937e 683 89.6 84.0
5 RHF-MBPT~2!/VDZP 1332 970 5907 1490 1224 689 429 0.937e 754 130.8 122.6
6 RHF-MBPT~2!/cc-pVTZ 1363 998 5546 1512 1239 743 453 0.950e 706 70.2 66.7
7 UHF-MBPT~2!/6-31G(d,p) 1397 1004 875 1327 1134 775 443 0.9008 31 49.4 44
8 GVB~1!-MBPT~2!/6-31G(d,p) 1386 1025 895 1400 1191 701 429 0.9397 28~21! 47.2 44.4
9 RHF-MBPT~4!/6-31G(d,p) 1421 1050 2590i 1375 1150 736 456 0.96e iF iF

10 RHF-MBPT~4!/VDZP 1380 1021 2802i 1346 1128 708 444 0.96e iF iF
11 RHF-MBPT~4!/cc-pVTZ 1394 1041 2546i 1377 1105 753 467 0.96e iF iF
12 UHF-MBPT~4!/6-31G(d,p) 1406 1004 896 1319 1153 761 435 0.9169 23~21! 48.6 44.6
13 RHF-CCSD/6-31G(d,p) 1392 1036 967 1345 1095 707 439 0.9371 38~34! 46.6 43.7
14 RHF-CCSD/VDZP 1390 1035 968 1354 1098 700 441 0.9627 40~36! 45.6 43.9
15 RHF-CCSD/cc-pVTZ 1391 1037 880 1370 1083 741 459 0.9532 46~42! 46.1 43.9
16 UHF-CCSD/6-31G(d,p) 1419 1012 911 1319 1191 736 419 0.9423 17~12! 47.6 44.9
17 RB-CCD/6-31G(d,p) 1418 1047 869 1371 1119 721 447 0.9538 39 46.7 44
18 RHF-CCSD~T!/6-31G(d,p) 1423 1016 3589i 1332 1224 720 425 0.96e iF iF
19 RHF-CCSD~T!/VDZP 1381 990 3784i 1312 1200 691 418 0.96e iF iF
20 RHF-CCSD~T!/cc-pVTZ 1391 1010 2775i 1336 1169 738 443 0.96e iF iF
21 UHF-CCSD~T!/6-31G(d,p) 1419 1017 908 1325 1197 730 418 0.9529 15~10! 47.1 44.9
22 RB-CCD~T!/6-31G(d,p) 1418 996 948 1310 1211 713 419 0.9490 16 46.6 44
23 BS-UB3LYP/6-31G(d,p) 1397 1010 900 1344 1203 725 426 0.9579 13~9! 46.5 44.6
24 BS-UB3LYP/6-31111G(3d f ,3pd) 1394 1012 892 1344 1190 733 430 0.9665 17~14! 46.2 44.7
25 Experimentf 1403 976 918 1331 1207 721 435 44.6g

aVibrational frequencies and mean deviations in cm21, zero point energy~ZPE! in kcal/mol.
bScale factors were determined to give the best agreement between theory and experiment.
cMean deviations in parentheses were obtained by deletingv17(b1u).
dSymbol ‘‘iF’’ denotes that the ZPE value could not be calculated because of imaginary frequencies.
eScale factors taken from the literature: MBPT~2! from Ref. 122; CCSD~T! from Ref. 123.
fFrom Ref. 1.
gLimit value obtained as an average of the ZPE values for entries 21, 22, 23, and 24.
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CCSD~T! determination of this vibrational frequency usin
larger basis sets would be valuable in resolving this discr
ancy.

Since biradicalp-benzyne is an intermediate of the Ber
man reaction, the calculation of the energetics of this re
tion depends critically on a correct account of the proper
of p-benzyne.24,27–46 Clearly, energy and geometry are n
directly affected by orbital near-instabilities within the refe
ence wave function and, therefore, useful energetics ma
obtained with a restricted reference function provided thr
electron correlation effects are included in the calculati
However, the stationary points calculated along the reac
path have to be characterized with the help of the vibratio
frequencies and, of similar importance, the calculated ene
differences must be converted to enthalpy differences at
K in order to be directly compared with the experimen
thermochemical data.26 This latter point is rather critical in
view of the discussion presented in Sec. III and has b
solved in different ways.

In Ref. 27, Kraka and Cremer used RHF-CCSD~T! to-
gether with the 6-31G(d,p) basis to examine the reactio
path and activation energy of the Bergman cyclization. Si
RHF-CCSD~T! leads to anomalous vibrational frequencie
those authors instead utilized GVB/6-31G(d,p) vibrational
data~together with a scaling factor of 0.89! to estimate the
zero-point energy~ZPE! of p-benzyne to be 44.6 kcal/mol.125
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Other authors have found the ZPE ofp-benzyne to be in the
range of 48.1 kcal/mol~Ref. 126! to 43.8 kcal/mol,39 where
criticism was raised that the reaction and activation entha
ies published by Kraka and Cremer27,28 might be flawed by
an inaccurate ZPE value forp-benzyne. The values for ZPE
obtained in this work are scaled to be in line with experime
tal frequencies~Table IV! and clearly support a ZPE value o
44.6 kcal/mol in agreement with Ref. 27. Hence, the e
thalpy differences reported by Kraka and Cremer agree w
with the experimentally determined activation barrier and
action enthalpy published by Roth and co-workers.26

VI. CONCLUSIONS

~1! CC methods based on a UHF reference function a
including triple excitation effects provide a reliable accou
of the properties of biradicalp-benzyne. The problem of spin
contamination is not pendant because the triplet conta
nants S11 are completely annihilated by the infinite-ord
effects in the single- and double-excitation space of CC
and any higher CC method. However, correlation-correc
UHF methods that do not include all correlation effects
the single and double space cannot provide reliable res
for p-benzyne because of the unusually large spin conta
nation resulting from two rather than just one triplet state
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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~2! The description of p-benzyne based on spin
restricted electron correlation methods suffers from orb
near-instabilities involving the frontier orbital combination
ag–b1u , ag–b2g , and ag–b1g . The deleterious effect o
these orbital mixings on the harmonic frequencies and
intensities is clearly revealed through the anomalousb1u-,
b2g-, andb1g-symmetrical vibrational modes. Among thos
methods based on the RHF wave function, we find that in
case of biradicalp-benzyne, the Brueckner-orbital-based R
CCD~T! is the first method that provides sufficient electr
correlation to compensate for the drawbacks of the restric
reference.

~3! In view of ~2!, results obtained for biradicals wit
correlated methods based on a restricted reference fun
should be used with caution. Finite-order MBPT(n), with
n<4, should not be trusted in general for such problem
Energies, geometries, and other first order properties
tained with RHF-CCSD~T! may be useful, with the cavea
that p-benzyne is unstable to certain symmetry-break
modes at this level of theory. Second order properties ca
exquisitely sensitive to changes in the wave function, wh
first-order properties are completely uneffected, and the
genvalues of the molecular orbital Hessian often serve
useful diagnostics for problematic orbital effects.

~4! In general, deficiencies of the method in overcomi
multireference or orbital instability errors cannot be comp
sated by the use of larger basis sets.

~5! Both UHF-CCSD~T! and RB-CCD~T! calculations
confirm results previously obtained with UB3LYP~Ref. 1!
and support arguments that with broken-symmetry UD
using hybrid functionals, a reasonable description of bira
cals such asp-benzyne can be obtained.124

~6! The analysis of the IR spectrum ofp-benzyne leads
to reasonable agreement between theory and experiment
the exception of vibrational mode 17~a CCH bending mo-
tion!. Theory predicts the corresponding frequency to oc
between 1010 and 1017 cm21. The discrepancy between th
result and the measured band at 976 cm21 suggests that ei
ther anharmonic effects are not properly accounted for,
level of electron correlation is still inadequate to correc
describe this vibrational mode, or the experimental f
quency may be associated with a compound other t
p-benzyne.127

~7! Calculated ZPE’s converge to a value of 44.6 kc
mol, in agreement with the value first given by Kraka a
Cremer.27,28
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