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Di†erent quantum chemical methods have been examined, in order to test their abilities to model long
polyenyl radicals and, in the limit, a neutral soliton in polyacetylene. For polyenyl radicals up to it wasC9H11,
possible to use a range of methods up to CCSD(T). A number of interesting features of the geometries and spin
distributions were found in these radicals. Coupled cluster methods reproduced rather well the experimental
ratios of the spins at each of the carbons in allyl, pentadienyl, and heptatrienyl radicals. In contrast, both
restricted and unrestricted HartreeÈFock methods gave very poor results. CASSCF gave good geometries and
p spin distributions, but only if all the p MOs were included in the active space. Both pure (BLYP) and hybrid
(B3LYP) DFT methods were found to over-estimate the widths of solitons in long polyenyl chains.

1. Introduction
Ever since the Ðrst successful synthesis of free-standing, high
quality, polyacetylene Ðlms1 and the subsequent demonstra-
tion of metallic conductivity upon their oxidative or reductive
doping,2 there has been an explosive interest in conjugated
polymers, both in basic and in applied research. Although
other electrically conductive polymers, such as polyaniline and
polythiophene,3 have proven to be more useful for practical
applications, polyacetylene (PA) continues to stand at the
focus of extensive experimental and theoretical research.4

An interesting property of pristine PA is that it shows a
strong EPR signal, indicating the formation of neutral radicals
during its synthesis.5 Possibly due to crosslinking of the PA,
chains with uneven numbers of carbon atoms are apparently
formed. During the initial phases of doping, this EPR signal
disappears ;6 i.e., the polyenyl radicals are either oxidized or
reduced to polyenyl cations or anions, respectively. In the
presence of an electric Ðeld, the resulting charges show a
degree of mobility which expresses itself as conductivity in
macroscopic samples of PA.7

Unlike chemists, solid-state physicists like to view the above
spin or charge-carrying segments of PA as perturbations or, as
they call them, ““excitations ÏÏ in very long or inÐnite PA(CH)

nchains. Such an excitation can be described as a solitary wave
of Ðxed shape which can move along PA chains. Such spin- or
charge-density waves are classiÐed as ““quasi- ÏÏ or ““pseudo-
particles ÏÏ and termed solitons.8 EPR experiments allow
““pinnedÏÏ solitons to be distinguished from mobile solitons.
Although instantaneously localized to Ðnite regions of long,
conjugated PA chains, mobile solitons, as their name implies,
can move along the chain in time.

One of the questions which has occupied a central place in
recent experimental and theoretical research on solitons in PA
and in other conjugated polyenes concerns the shape of these
waves. The widths of solitons, in terms of the numbers of
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carbon atoms over which they spread, has been probed by
di†erent forms of electronÈnuclear double and triple reso-
nance spectroscopy. These experiments yielded a half-width”
of about 18 carbon atoms for a neutral soliton in all-trans-
PA.9 Another important quantity that deÐnes the shapes of
solitons and which can be probed by such experiments is the
ratio of the peak values of the positive and negative spin den-
sities. This ratio was found to be about 0.44 in all-trans-PA.9

Interest in using theory to model polyenes and polyenyl
radicals dates back to the early days of quantum chemistry.10
It was found early on that scaling of the parameter b with
bond lengths is required in theory, in order to modelHu� ckel
correctly the electronic structure of polyenes11 as well as poly-
enyl radicals and ions. In a seminal paper, Pople and Walms-
ley introduced the notion of polyenyl radicals as ““defects ÏÏ
arising by thermal excitations in an inÐnitely large cyclic
polyene.12 This idea was later taken up by Su, Schrie†er and
Heeger (SSH).8 They proposed a model, which is functionally
equivalent to the variable-b method,11,13 in order toHu� ckel
describe solitons and the dynamics of their motions along
inÐnite polyene chains.

The SSH model permitted the modelling of a number of
important features of solitons in PA, such as their mobility,
which depends mainly on the e†ects of electronÈphonon inter-
actions. However, the limitations of this model became appar-
ent through various experiments. Among these experiments
were the above-mentioned electron paramagnetic resonance
measurements, which demonstrated the occurrence of both
positive and negative spins on the hydrogen atoms in PA.9
This Ðnding cannot be described by models,Hu� ckel-type
because they ignore Coulombic repulsion between electrons
and, hence, the electron correlation engendered by it. Both the
repulsion and the correlation it engenders are treated collec-
tively as ““electron correlationÏÏ by solid-state physicists. Elec-
tron correlation is responsible for the spin polarization that

” By ““half-widthÏÏ we mean the width at half height, i.e. the number of
carbon atoms around the center of the soliton at which the spin
density is at least 50% of the maximum value.
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gives rise to negative spin densities.14 Within the SSH model,
spin polarization is accounted for by the addition of a param-
eter U that represents the e†ects on the ““on-site, electronÈ
electron interactionÏÏ.

There has been much discussion in the solid-state physics
literature as to whether electron repulsion and correlation in
PA can and should be treated by perturbation theory or
whether they must be included explicitly in a variational cal-
culation.8,15 However, all the calculations described in this
paper contain electron repulsion explicitly ; so we shall not be
concerned with this question.

In this paper we focus on how well modern ab initio
quantum chemical models, which contain no empirical param-
eters, are likely to perform in reproducing the properties of the
neutral soliton in PA. The performance of these methods in
this context depends on how well they treat electron corre-
lation in very long polyenyl radicals. Unfortunately, the most
sophisticated of these computational methods cannot current-
ly be applied to radicals larger than nonatetraenyl. However,
the results obtained by these methods for and smallerC9H11polyenyl radicals serve as benchmarks against which the per-
formance of other computational methods that are applicable
to larger polyenyl radicals can be judged.

Calculations based on density functional theory (DFT) fre-
quently give results that are as good or better than many ab
initio methods, and DFT calculations require only a small
fraction of the computational resources of the most sophisti-
cated ab initio methods. It might be hoped that DFT would
provide a means of performing highly accurate calculations on
polyenyl radicals whose size approaches or exceeds that of a
soliton in PA. The results reported in this paper provide infor-
mation as to how well DFT methods, based on two currently
popular functionals, do in comparison to various ab initio
methods in calculations on small and medium-sized polyenyl
radicals and how successful the two DFT methods are in com-
puting the properties of a soliton in PA.

2. Previous studies
Before discussing our results, we should point out that this
study does not represent the Ðrst attempt to model the soliton
in PA by molecular (as opposed to solid-state) quantum chemi-
cal methods that include the e†ects of electron repulsion and
electron correlation. In 1983, Boudreaux et al. reported the
results of semiempirical MNDO calculations of bond-length
alternation in neutral and charged polyenes and polyenyls.16
For the neutral radicals the ““half-electronÏÏ scheme of Dewar
et al.17 was employed. These calculations led to a predicted
half-width of the neutral soliton in PA of about 9 carbon
atoms, only about 50% of the value of 18 carbons obtained
from the experiments described by Kuroda.9

In a recent series of studies of reorganization energies on
oxidation or reduction of polyenes and polyenyls, Rodriguez-
Monge and Larsson also carried out calculations on polyenyl
radicals, up to by UHF/UMP2, and for byC11H13 C23H25UHF/PM3.18 These methods predicted the width of the
soliton invariably equal to the length of the polyenyl chain,
minus 2È3 terminal carbon atoms. This failure of UHF based
models had already been noted earlier by Villar and Dupuis,
who showed that a qualitatively correct description of poly-
enyl radicals up to may be obtained from completeC11H13active space (CASSCF) calculations.19

In 1991, Sim et al. presented the Ðrst calculations on the
same polyenyl radicals by a density functional method.20
Within the local spin density (LSD) approximation, they
obtained results which they described as being ““ in close
accord with the CASSCF results. ÏÏ However, a closer inspec-
tion shows that the CÈC bond-length alternation is much less
pronounced in LSD-DFT than in CASSCF, a point to which
we will return in describing the results of our own study.

3. Quantum chemical methods
The geometries of the polyenyl radicals were optimizedC3ÈC9within symmetry by the UHF, ROHF, CASSCF, UBLYP,C2vUB3LYP and UQCISD methods, using the GAUSSIAN 98
suite of programs,21 by full-p CASSCF with the MOLCAS
programs,22 and by the RCCSD, RCCSD(T) and UCCSD(T)
coupled-cluster methods, as implemented in the ACES II pro-
grams.23 Longer polyenyl radicals were only optimized by
UHF, ROHF, UBLYP and UB3LYP, except for andC11which were also optimized by full-p CASSCF calcu-C13 ,
lations. For the sake of consistency, the 6-31G* basis set was
used throughout. Mulliken spin populations were evaluated
from the wavefunctions obtained with the di†erent methods.
Contributions from inner and outer basis functions of a given
type (i.e. were added to obtain the total spin population2p

p
)

in each atomic orbital (AO).

4. Results and discussion
Modelling of the soliton in PA, with its experimental half-
width of about 18 carbon atoms, requires calculations on
polyenyl radicals that are at least twice as long. However, we
began our study with an assessment of the performance of
di†erent current quantum chemical methods in calculations
on polyenyl radicals with up to 9 carbon atoms. For radicals
of this size some comparisons with experimental Ðndings can
be made. In addition, ““ state-of-the-art ÏÏ calculations by
coupled-cluster methods can be performed to provide bench-
marks, against which the results from other computational
methods can be judged. We begin the discussion of our results
with the allyl radical, the smallest polyenyl radical.

4.1. Assessment of the di†erent methods in calculations on the
allyl radical

The allyl radical has been the subject of numerous experimen-
tal and theoretical studies.14,24 All methods employed in our
study reproduce rather well the experimental geometry of the
allyl radical.25 However, some small di†erences between the
results obtained by the di†erent methods are notable (cf. Table
1). For example, ROHF, the only method which does not
include correlation between electrons of opposite spin, pre-
dicts the CÈC bond length of allyl to be slightly shorter than
any other method does and shorter than is found experimen-
tally. The same bond length is predicted to be too long by
DFT with the UBLYP functional. The best overall agreement
with the experimental geometry is obtained with the UB3LYP
functional. As we have noted elsewhere,14 this method is
rather reliable for geometry optimizations of open-shell
species.

The di†erences between di†erent computational methods
become much more evident when one compares the predicted
spin distributions in the allyl radical (see Table 2). However, in
considering how best to compare the spin distributions, com-
puted by di†erent methods, with each other and with experi-
ments, a question arises ; and the answer to this question will
be important for the rest of our study. Which calculated spin
densities should be compared, those in the AOs of the2p

pcarbons or those at the hydrogen nuclei ?
For comparing the width calculated for a soliton with the

experimental value, it might seem that the atomic spin popu-
lations in the AOs on the carbons would be most appro-2p

ppriate. However, in experimental determinations of spin
distributions it is the hyperÐne coupling constants to the
hydrogens that are usually measured. The values are(aH) aHproportional to the spin densities at the hydrogen nuclei,
which are dominated by the spin populations in the 1s AOs.

However, according to a relationship proposed by McCon-
nell,26 the values in open-shell, planar, p systems are pro-aHportional to the spin populations in the AOs of the carbon2p

p
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Table 1 Bond lengths (in and CÈCÈC bond angle (in ¡) of the allyl radical according to di†erent methods (all with the 6-31G* basis set)A� )

Exp.a ROHFb UHF CASSCFc UBLYP UB3LYP RCCSD RCCSD(T) UQCISD UCCSD(T)

rChC 1.387 1.372 1.391 1.390 1.395 1.386 1.389 1.393 1.390 1.392
rChH1 1.091 1.078 1.078 1.078 1.098 1.091 1.091 1.093 1.091 1.093
rChH2 d 1.084 1.074 1.075 1.074 1.093 1.086 1.086 1.089 1.087 1.089
ae 124.7 124.5 124.5 124.7 125.3 125.1 124.3 124.3 124.3 124.3

a From Hirota et al.25 b Note that the allyl radical is unstable with regard to geometric distortion at the ROHF level. c With a full p (3,3) active
space. d Averaged over the two terminal CÈH bond lengths ; is computed to be shorter than by 0.002 by all our calculations.C1ÈH1 C1{ÈH1{ A�
e The HÈCÈH and HÈCÈC angles are predicted within 0.2¡ of each other by all methods.

atom to which each of the hydrogen atoms is bonded. This
useful relationship made it possible to analyze the EPR
spectra of numerous planar p radicals and radical ions by
means of simple calculations on the systems.27 IfHu� ckel-type
the McConnell relationship were strictly obeyed by the calcu-
lated spin densities and the calculated hydrogen coup-2p

p
(C)

ling constants, it would not matter which of these two sets of
quantities from di†erent calculations were compared, because
the carbon spin densities would be proportional to the2p

p
(C)

values.aHComputed 1s(H) and spin populations, obtained2p
p
(C)

from Mulliken-type analyses of the wavefunctions from our
calculations on the allyl radical are given in Table 2. Also
listed are the total atomic spin populations on each of the
carbon atoms and the calculated values. The ratios of theaHspin populations in the AOs on the terminal and central2p

pcarbons and in the 1s AOs of the hydrogens attached to these
carbons in the allyl radical are also provided in Table 2, along
with the ratios of the hyperÐne coupling constants for the
hydrogens. This table reveals a number of features that are
largely independent of computational method. For example,
as expected, the computed ratios of the hyperÐne coupling
constants for the hydrogens attached to and are quiteC1 C2close to the ratios of the spin densities in the 1s AOs of these
hydrogens. The ratios of the values are 3È7% smaller thanaHthe ratios of the 1s(H) spin populations, presumably because
the spins in the r-AOs on the carbon atoms contribute slight-
ly to the calculated spin densities at the hydrogen nuclei.

Table 2 shows that the total spin population at each carbon
atom is signiÐcantly larger in magnitude than the spin popu-
lation in the AO of that carbon. The reason is that the2p

punpaired electron spin in the AO polarizes the spins of the2p
pelectrons in the r bonds to that carbon, so that electrons of

the same spin tend to appear in the r and in the AOs of2p
peach carbon.28 Because the Pauli principle prevents electrons

of the same spin from simultaneously appearing in the same
region of space, spin polarization of the electrons in the r AOs
by the unpaired spins in the AOs minimizes the Coulom-2p

pbic repulsion energy between the r and p electrons.
The polarization of the electrons in the C-H bonds by the

unpaired spins in the AOs results in spin density appear-2p
ping in hydrogen 1s AOs, despite the fact that these AOs lie in

the nodal plane of the AOs. Because the spin in each 1s2p
pAO is opposite in sign to the spin that appears in the AO2p

pof the carbon to which the hydrogen is attached, spin polar-
ization is responsible not only for the non-zero values of aHbut also for the fact that the sign of is di†erent for hydro-aHgens attached at di†erent carbons. For protons attached to a
carbon that has a positive spin density in its AO, has a2p

p
aHnegative sign, and for protons attached to a carbon that has a

negative spin density in its AO, has a positive sign.2p
p

aHSpin polarization is also responsible for the appearance of
spin in the AO of the central carbon of the allyl2p

p
(C2)radical, where the singly occupied, non-bonding (NB)MO has

a node. The spin in the AO of is opposite in sign to2p
p

C2that in the AOs of and since, if there is an a spin2p
p

C1 C3 ;
electron in the NBMO, the b spin electron in the bonding
MO can avoid appearing in the same region of space as the
electron in the NBMO by becoming more localized at C2 ,
where the NBMO has a node.14

An important test of the computational results in Table 2 is
how well each method predicts the ratio of the negative spin
density in the AO of to the positive spin density in the2p

p
C2AO of If the McConnell relationship holds, this calcu-2p

p
C1.lated ratio should be the same as the calculated ratio of com-

puted hydrogen hyperÐne coupling constants. However, if

Table 2 Spin populations and 1H hfc constants for allyl radical by di†erent methods

Atomic spin populations Spin in 2p
p

Spin in H 1s AOs 1H hfc constants aHa

C2 C1 C2/C1 C2 C1 C2/C1 H2 H1@1{ b H2/H1@1{ H2 H1@1{b H2/H1@1{
ROHFc 0.000 0.500 0.000 0.000 0.500 0.000 È È È È
UHF [0.793 1.025 [0.773 [0.522 0.758 [0.688 0.049 [0.077 [0.642 24.13 [36.43 [0.662
CASSCFd [0.198 0.599 [0.330 [0.206 0.600 [0.343 È È È È
UBLYP [0.197 0.655 [0.301 [0.132 0.562 [0.234 0.008 [0.030 [0.256 3.59 [14.62 [0.246
UB3LYP [0.279 0.703 [0.398 [0.194 0.594 [0.328 0.011 [0.033 [0.339 5.37 [16.43 [0.327
RCCSD [0.334 0.750 [0.445 [0.209 0.594 [0.352 0.015 [0.045 [0.337 6.76 [20.60 [0.328
RCCSD(T) [0.290 0.726 [0.400 [0.178 0.577 [0.308 0.012 [0.043 [0.282 5.36 [19.67 [0.272
UQCISD [0.343 0.754 [0.455 [0.222 0.600 [0.369 0.012 [0.044 [0.281 5.22 [19.95 [0.261
UCCSD(T) [0.287 0.723 [0.397 [0.180 0.578 [0.311 0.010 [0.042 [0.236 4.18 [19.05 [0.219
Experiment È È È È È È È È È 4.06 [14.38 [0.282

a In Gauss. b Averaged over the two terminal H atoms (they di†er by about 1 G). c Due to the absence of spin polarization in this model, there is
no spin on the central C or on the H atoms. d With a full p (3,3) active space. As no r-MOs are in the active space, no spin appears on the H
atoms.
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these two ratios di†er, then one has to decide which of them
to compare with the experimental ratio of hyperÐne coupling
constants.

The experimental values for the allyl radical are given inaHTable 2, along with those computed by the di†erent computa-
tional methods that we examined. The DFT methods
(UBLYP and UB3LYP) both give good absolute values of the
hyperÐne coupling constants, as has been noted previously for
allyl and other radicals.29 However, the average value foraHthe two di†erent hydrogens at is substantially overesti-C1mated by all the coupled-cluster calculations, as well as by the
closely related UQCISD method. This failure of these highly
sophisticated methods is surprising, since one would have
expected that they should be capable of computing the hyper-
Ðne coupling constants in the allyl radical correctly.

The reason for this failure is that these methods apparently
overestimate the amount of polarization of the electrons in the
CÈH bonds by the spins in the AOs. If the spin density at2p

peach hydrogen were overestimated by a constant factor, the
constant could be eliminated by computing the ratio of the aHvalues for the hydrogens attached to and (see the lastC1 C2column of Table 2).

Despite the fact that the UBLYP and UB3LYP values for
the individual hyperÐne coupling constants are in much better
agreement with experiment than the RCCSD(T) and UQISD
values, the RCCSD(T) and UQCISD ratios of coupling con-
stants are closer than the UBLYP and UB3LYP ratios to the
experimental one of [0.282. However, the UCCSD(T) ratio of
hyperÐne coupling constants is 30% smaller in magnitude
than the experimental value.

It is interesting to note that, although UB3LYP, RCCSD(T)
and UCCSD(T) give very di†erent ratios of hydrogen hyper-
Ðne coupling constants, these methods all give spin densities
in the carbon AOs that are not only very close to each2p

pother but also to the CASSCF values. In addition, the ratios
of these spin densities are all reasonably close to, although2p

p10È15% higher than the ratios of the experimental values.aHWe interpret these Ðndings as indicating that all four of these
methods do give reasonably accurate spin densities, but2p

pthat they di†er in how well the amount of pÈr spin polariza-
tion is computed by them.

The UHF-based coupled cluster methods [UCCSD(T) and
UQCISD] seem to perform particularly badly in this regard.
Both methods give a calculated ratio of values that is 30%aHsmaller in magnitude than the calculated ratio of spin den-2p

psities. The di†erence between these two ratios represents a
large deviation from the McConnell relationship, which pre-
dicts that the ratio of hydrogen hyperÐne coupling constants
should be the same as the ratio of spin densities.2p

pIn contrast, the UBLYP and UB3LYP ratios of the spin2p
pdensities and of the values are virtually identical, asaHexpected from the McConnell relationship. The ratios of 2p

pspin densities and of the values di†er, when computed ataHRCCSD and RCCSD(T) levels, but only by 7È10%. The good
agreement between these ratios shows that at these levels of
theory the McConnell relationship is at least semi-
quantitatively correct. This Ðnding provides computational
justiÐcation for using the McConnell relationship to deduce

spin densities from hyperÐne coupling constants that are2p
pmeasured experimentally, and vice versa.
The results in Table 2 for the allyl radical indicate that

methods, such as UCCSD(T), which appear to give rather
accurate ratios of spin densities, do not necessarily give2p

pgood ratios of values. Therefore, in assessing how well dif-aHferent computational methods describe the width of a soliton
in PA and the degree to which the unpaired electron is delo-
calized in smaller polyenyl radicals, it seems wiser to focus on
the ratios of the calculated spin densities, rather than on2p

pthe ratios of the calculated hyperÐne coupling constants. In
radicals for which ratios of experimental hyperÐne coupling

constants are available, the McConnell relationship justiÐes
using these ratios to deduce the experimental ratios of 2p

pspin densities, with which the calculated ratios can be
compared. Comparisons of this type are made in the next
section for three radicalsÈpentadienyl, heptatrienyl and
nonatetraenylÈthat are higher vinylogs of allyl.

4.2. Results of calculations on pentadienyl, heptatrienyl and
nonatetraenyl radicals

Table 3 lists the geometries of the polyenyl radicals,C5ÈC9obtained by di†erent methods ; and Fig. 1 shows a graphical
representation of the degree of bond-length alternation (i.e.,
the di†erence between the lengths of adjacent CÈC bonds) for
these species. Since no experimental geometries are available
for these radicals, we can only compare the geometries
obtained by di†erent methods among each other.

We will not comment on the absolute values of the CÈC
bond lengths listed in Table 3 (which di†er by less than 0.02 A�
between the methods, if we disregard the single-determinant
SCF models), but focus instead on the di†erences between
adjacent bond lengths, i.e., the degree of bond-length alterna-
tion.

These are represented graphically in Fig. 1 from which it
becomes immediately evident that the ROHF method (column
a for all three radicals) predicts up to twice as much bond-
length alternation as any of the other methods. The absence of
electron correlation from the wave function prevents the
unpaired electron from delocalizing along the polyenyl chain,
since keeping this electron conÐned to the central carbons of
each radical minimizes its interactions with the other p elec-
trons.5 Consequently, bond-length alternation near the ter-
minal carbons rapidly approaches that found in polyenes
(about 0.15 The opposite happens at the UHF levelA� ).
(column b for each radical), where the bond-length alternation
is always much smaller than that found by the other methods.

The di†erences between the amounts of bond-length alter-
nation predicted by the CASSCF, DFT and coupled cluster

Table 3 Geometries of polyenyl radicals by di†erentC5ÈC9methodsa

Molecule Method r1 b r2 b r3 b r4 b

C5H7 ROHF 1.333 1.435
UHF 1.374 1.415
CASSCF 1.367 1.421
UBLYP 1.376 1.422
UB3LYP 1.366 1.415
UQCISD 1.367 1.421
RCCSD 1.364 1.422
RCCSD(T) 1.371 1.421
UCCSD(T) 1.369 1.422

C7H9 ROHF 1.329 1.447 1.377
UHF 1.370 1.421 1.400
CASSCF 1.358 1.436 1.394
UBLYP 1.369 1.432 1.401
UB3LYP 1.358 1.426 1.392
UQCISD 1.356 1.437 1.393
RCCSD 1.355 1.437 1.393
RCCSD(T) 1.363 1.436 1.397
UCCSD(T) 1.359 1.437 1.395

C9H11 ROHF 1.326 1.457 1.344 1.423
UHF 1.369 1.423 1.396 1.407
CASSCF 1.353 1.445 1.379 1.412
UBLYP 1.366 1.437 1.393 1.412
UB3LYP 1.354 1.432 1.381 1.405
UQCISD 1.351 1.446 1.378 1.411
RCCSD 1.351 1.446 1.376 1.412
RCCSD(T) 1.358 1.443 1.384 1.412

a Geometries optimized with the 6-31G* basis set within sym-C2vmetry by the method indicated in the second column. b In see Fig.A� ,
1 for designation of bonds.
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Fig. 1 Bond-length alternation in and by di†er-C5H7 , C7H9 C9H11ent methods. Hashed bars denote di†erence between and (seer1 r2drawing above plot), gray bars the di†erence between and (forr2 r3and and black bars that between and (forC7H9 C9H11), r3 r4 C9H11only).

methods are more subtle. The CASSCF predictions (column e)
are close to those made by the QCISD and coupled-cluster
calculations (columns fÈi) ; whereas, the DFT methods predict
less bond-length alternation. The amount of alternation pre-
dicted by UBLYP for each radical (column d) is slightly less
than that predicted by the hybrid UB3LYP functional

(column e), and UB3LYP predicts a degree of bond-length
alternation that is only slightly smaller than that predicted by
RCCSD(T). The gradient-corrected exchange functionals in
UBLYP and UB3LYP appear to give better results than the
exchange functionals that use the local spin density (LSD)
approximation, which were employed in previous DFT calcu-
lations on polyenyl radicals.20

As in the case of the allyl radical, the di†erences between
the methods tested for the polyenyl radicals becomeC5ÈC9more evident when one looks at the calculated spin distribu-
tions, rather than the bond lengths. As discussed in the pre-
vious section, the best comparisons to make are of the relative
spin populations in the AOs of the carbon atoms. These2p

pare listed for in Table 4, where the spin population isC5ÈC9arbitrarily set to one for the carbon atom that bears the most
spin.

If one assumes that the McConnell relationship holds for
and the ratios of the spin populations atC5H730 C7H9 ,31 2p

pdi†erent pairs of carbons can be deduced from the ratios of
the experimental hydrogen hyperÐne coupling constants, aH .
The ““experimental ÏÏ ratios of spin densities obtained in2p

pthis way can then be compared with the calculated ratios.
UBLYP and UB3LYP both appear to predict too much

spin at the terminal carbon atoms, which suggests that these
methods have a tendency to overestimate the delocalization of
the unpaired electron in polyenyl radicals. However, the devi-
ations of these DFT methods from experiment are not nearly
as bad as that of the UHF model, which greatly overestimates
the amounts of positive and negative spin densities and pre-
dicts more unpaired spin at the terminal than at the interior
carbons !

As we have pointed out,14 this overestimation of spin polar-
ization is a direct consequence of the admixture of high-spin
states into the UHF wavefunctions. The presence of these
states reveals itself in the strong deviation of the expectation
value of the S2 operator for the UHF wavefunctions from the
theoretical value of SS2T \ 0.75 for pure doublets. Indeed, the
value of SS2T \ 1.838 for the UHF wavefunction for isC9H11closer to that for a triplet (SS2T \ 2.0) than for a doublet. The

Table 4 Relative spin populations of polyenyl radicals by di†erent methodsa2p
p

C5ÈC9
Molecule Method C1 C2 C3 C4 C5 SS2Tb

C5H7 UHF 1.05 [0.80 1.00 1.219
CASSCFc 0.75 [0.31 1.00 0.750
UBLYP 1.00 [0.26 1.00 0.770
UB3LYP 0.96 [0.37 1.00 0.799
UQCISD 0.81 [0.38 1.00 È
RCCSD 0.77 [0.34 1.00 0.760
RCCSD(T) 0.83 [0.32 1.00 0.747
UCCSD(T) 0.80 [0.31 1.00 0.747
Experimente 0.86 [0.28 1.00 0.750

C7H9 UHF 1.06 [0.82 1.00 [0.90 1.513
CASSCFc 0.64 [0.30 1.00 [0.42 0.750
UBLYP 0.96 [0.26 1.00 [0.31 0.772
UB3LYP 0.91 [0.37 1.00 [0.46 0.814
UQCISD 0.73 [0.38 1.00 [0.53 Èd
RCCSD 0.67 [0.33 1.00 [0.47 0.767
RCCSD(T) 0.72 [0.30 1.00 [0.42 0.746
UCCSD(T) 0.70 [0.30 1.00 [0.43 0.750
Experimente 0.79 [0.28 1.00 [0.35 È

C9H11 UHF 1.08 [0.84 1.02 [0.94 1.00 1.838
CASSCFc 0.47 [0.24 0.81 [0.39 1.00 0.750
UBLYP 0.91 [0.26 0.96 [0.32 1.00 0.774
UB3LYP 0.84 [0.36 0.94 [0.48 1.00 0.830
UQCISD 0.62 [0.34 0.89 [0.55 1.00 Èd
RCCSD 0.62 [0.32 0.80 [0.44 1.00 0.775
RCCSD(T) 0.66 [0.30 0.88 [0.42 1.00 0.746
UCCSD(T)f È È È È È È

a For designations of see Fig. 1. b Expectation value of the S2 operator for the wavefunction indicated in the second column (should beC1ÈC50.750 for a pure doublet). c Full p space CAS; total atomic spin densities given (most of the spin is in d Not available. e From the experimen-p
p
).

tal of and the values for the two terminal H atoms are averaged. f Calculation of density did not converge.aH C5H729 C7H9 ;30
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presence of higher spin states is also the reason for the under-
estimation of the amount of bond-length alternation in the
optimized UHF geometries for polyenyl radicals.

The other methods are less plagued by spin contamination.
However, on going from to in the DFT calcu-C5H7 C9H11,lations with the hybrid UB3LYP functional, SS2T begins to
deviate uncomfortably from the theoretical value of 0.75. For

and as for the ally radical, the RCCSD(T) andC5H7 C7H9 ,
UCCSD(T) coupled-cluster methods predict spin distributions
in the carbon AOs that are in closest accord with those2p

pinferred from the ratios of the observed hyperÐne coupling
constants. However, in all three radicals these two coupled-
cluster methods both seem to underestimate slightly the rela-
tive amount of spin that appears on the terminal carbon
atoms. It is not clear whether this small underestimation
really does indicate a problem with these coupled-cluster
methods or whether the McConnell relationship, which is
used to infer the carbon spin distributions from the ratios2p

pof the observed hydrogen hyperÐne coupling constants, is not
quantitatively correct.

Because the hyperÐne coupling constants have not been
measured for comparison with experiment cannot beC9H11,used to judge the degree of success of the various computa-
tional methods in predicting the distribution of unpaired spin
in this radical. However, since RCCSD(T) is the most suc-
cessful of all the methods in predicting spin distributions in
the radicals, it seems safe to assume that for nona-C3ÈC7tetraenyl radical RCCSD(T) provides an accurate set of 2p

pspin densities, against which those computed by other
methods can be judged. Fig. 2 compares graphically the calcu-
lated spin densities for their ratios are listed in2p

p
C9H11 ;

Table 4.
Fig. 2 also shows that the CASSCF method comes closest

to modelling the fall-o† of the spin density towards the end of
the polyenyl chain that is predicted by RCCSD(T). Both DFT
methods spread the spin too evenly along the chain. This
failing of the DFT methods also manifests itself in too little
bond-length alternation, not only in but also inC9H11 C5H7and in as can be seen by comparing columns c and dC7H9 ,
with column h of Fig. 1 for these three radicals. UBLYP is
worse than UB3LYP in predicting both the fall-o† of spin
density and the amount of bond-length alternation. In addi-
tion, as shown in Fig. 2 for UBLYP gives magnitudesC9H11,of positive and negative spin densities that, except at the ter-

spin populations in by di†erent methods.Fig. 2 2p
p

C9H11

minal carbon, are much smaller than those predicted by
RCCSD(T).

4.3. Results of calculations on and radicalsC
11

H
13

C
13

H
15

For radicals larger than nonatetraenyl, calculations could no
longer be carried out with the apparently quite reliable
coupled-cluster methods. In fact, although we were able to
perform an RCCSD(T) geometry optimization for aC9H11,UCCSD(T) geometry optimization for this radical proved to
be impossible to carry out with the hardware currently avail-
able to us.

Fortunately, CASSCF gives results for that are atC3ÈC9least qualitatively similar to those obtained with RCCSD(T),
and we found that CASSCF calculations could be carried out
on somewhat larger radicals than those for which RCCSD(T)
calculations were possible. We were able to perform CASSCF
calculations on both and and we used theC11H13 C13H15 ,
results obtained from these calculations as benchmarks
against which the DFT results on these two radicals could be
compared.

We had hoped that, by excluding some p electrons from the
active space, we might be able to perform CASSCF calcu-
lations on polyenyl radicals larger than Therefore,C13H15 .
we examined the consequences of truncating the active space
for longest polyenyl radical on which we couldC13H15Èthe
perform CASSCF calculations with a full active space includ-
ing all the spin-paired p electrons and a bonding and an anti-
bonding orbital for each pair of electrons. Unfortunately, we
found that the CASSCF optimized geometry changed signiÐ-
cantly if even one pair of occupied and unoccupied MOs was
deleted from the p active space. Consequently, the possibility
of carrying out CASSCF calculations with reduced active
spaces on polyenyl radicals larger than was notC13H15pursued further.

Fig. 3 and 4 show plots of the BLYP, B3LYP and CASSCF
spin density distributions for and respec-2p

p
C11H13 C13H15 ,

tively, in a format analogous to Fig. 2. The trends in Fig. 3
and 4 are similar to those in Fig. 2, with CASSCF showing
the highest degree of spin localization in the central part of
each of the radicals, whereas UBLYP spreads the spin almost
evenly over the entire chain. The UB3LYP spin densities do
attenuate from the center to the ends of the chains, but not as
much as the CASSCF spin densities.

Fig. 5 shows a plot analogous to that in Fig. 1, for bond-
length alternation in the and polyenyl radicals. LikeC11 C13

spin populations in by di†erent methods.Fig. 3 2p
p

C11H13
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spin populations in by di†erent methods.Fig. 4 2p
p

C13H15

Fig. 1, Fig. 5 shows that the magnitude of the di†erence
between adjacent CÈC bond lengths increases on going from
the center toward the ends of the chains. This increase in the
amount of bond-length alternation is largest in the CASSCF
optimized geometries and least in the geometries optimized by
BLYP, as expected from the observation that the CASSCF
spin densities attenuate more strongly on moving from the
center toward the ends of the chains than the UBLYP spin
densities do.

4.4. Approaching the soliton in PAÈcalculations on C
41

H
43

Since the experimentally determined half-width of a neutral
soliton in PA is 18 carbons,9 we calculated the bond-length
alternation and the spin distribution for the very long poly-
enyl radical, Our computational results for this com-C41H43 .
pound are presented diagrammatically in Fig. 6 and 7. As
anticipated from the results of our calculations on smaller
radicals, none of the computational methods (ROHF, UHF,
UBLYP and UB3LYP) that we could apply to a polyenyl
radical of this size is capable of correctly predicting the experi-
mentally observed properties of a neutral soliton in PA.
ROHF predicts the half-width of a soliton to be only about
four carbon atoms (two on each side of the central carbon of
the molecule) ; and, as shown in Fig. 6, ten carbons from the

Fig. 5 Bond-length alternation in and by di†erentC11H13 C13H15methods.

Fig. 6 Bond-length alternation pattern in by UHFC41H43(diamonds), ROHF (open squares), UBLYP (open triangles) and
UB3LYP (open circles). The Ðlled symbols (crosses in the case of HF)
refer to the bond-length alternation pattern of the polyeneC22H24whose origin was placed at carbon no. 10 of This shows howC41H43 .
the bond-length alternation pattern of polyenyls approaches that of
polyenes towards the ends of the chain.

center the degree of bond-length alternation becomes indistin-
guishable from that of a polyene (crosses).

In contrast, UHF predicts that the ““metallic ÏÏ region, where
there is no bond-length alternation, extends to within 4È5
carbons of the end of the chain, because UHF spreads the
spin almost uniformly along the entire chain. As noted else-
where,14 both the ROHF and UHF methods give poor results
for large radicals and, hence, are useless for performing calcu-
lations on a soliton in PA.

The two DFT-based methods do a little better, in that at
least they both predict an increase in bond-length alternation
and attenuation of the spin density on moving from the center

spin population in by B3LYP (open bars) andFig. 7 2p
p

C41H43BLYP (Ðlled bars).
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toward the end of the chain. However, this attenuation isC41too weak in both cases to provide an accurate model of the
soliton in PA. As shown in Fig. 7, the spin populations are2p

ppredicted by UB3LYP to fall by slightly less than 50% from
the center to the end of the chain, giving a soliton width at
half height of [40 carbons. The fall-o† from center to chain
end for is predicted to be only about 30% by UBLYP.C41Thus, both DFT methods predict a soliton width that is much
larger than the 18 carbons found experimentally.

On the other hand, UB3LYP, with its contribution from the
UHF exchange density, shows much more pronounced p spin
polarization than UBLYP, which is a pure DFT method. In
disagreement with experiment, which indicates that the ratio
of the peak value of the negative to that of the positive spin
density is 0.44 in all-trans-PA, UB3LYP predicts a value of
0.80 for this ratio ; whereas UBLYP predicts a value of 0.48.
Associated with the overestimation of the amount of spin
polarization by UB3LYP is the fact that it predicts a value of
SS2T \ 1.23 for while the BLYP value ofC41H43 ,
SS2T \ 0.80 is much closer to the correct value of SS2T \ 0.75
for a radical.

5. Conclusions
In this paper we have examined various quantum chemical
methods for modelling long polyenyl radicals, and, in the
limit, a neutral soliton in polyacetylene (PA). We Ðnd that the
coupled-cluster methods, both RCCSD(T) and UCCSD(T), do
a good job of reproducing the experimental spin distribu-2p

ptions in allyl, pentadienyl and heptatrienyl radicals. This
judgement is based on the assumption that, as expected from
the McConnell relationship, the ratios of the spin densities2p

pat the carbons in these radicals are the same as the ratios of
the hyperÐne coupling constants that have been measured for
the hydrogens that are attached to the carbons.

At the RCCSD(T) and several other levels of theory, the
McConnell relationship is found to hold reasonably well in
the allyl radical. To within about 10%, the ratio of the calcu-
lated spin densities is the same as the ratio of the com-2p

pputed hydrogen hyperÐne coupling constants In addition,(aH).
the ratio of RCCSD(T) values is very close to the ratio thataHhas been measured by EPR experiments. However, the absol-
ute values of the hydrogen coupling constants that are com-
puted by RCCSD(T) and by all the other ab initio methods are
more than 30% higher than the absolute values that have
been measured.

Moreover, UCCSD(T), which gives almost exactly the same
ratio of spin densities as RCCSD(T), gives a very di†erent2p

pratio of values. We conclude that the ab initio methods thataHwe have examined for the allyl radical do much better at com-
puting carbon spin densities than at calculating absolute2p

pvalues of hydrogen hyperÐne coupling constants and, in the
case of UCCSD(T), even the ratio of values.aHIn contrast to the wavefunction-based ab initio methods, the
BLYP and UB3LYP versions of DFT give calculated magni-
tudes for the values that are similar in size to the measuredaHvalues ; and the ratios of the calculated values are nearlyaHidentical to the ratios of the spin densities computed at the2p

pcarbons. However, the ratios of the BLYP and UB3LYP
hydrogen coupling constants are farther than the RCCSD(T)
ratio from the ratio of the experimental values.aHComparison of the UBLYP and UB3LYP results with
experiment for pentadienyl and heptatrienyl radicals, with the
RCCSD(T) results for nonatrienyl, and with the CASSCF
results for and show that the fallo† of spinC11H13 C13H15 ,
density and increase in bond-length alternation on moving
from the center toward the terminal carbons is too small. This
problem is especially severe in the BLYP calculations. As a
consequence of the unrealistically slow fallo† of spin density
in the DFT calculations, the results of the UBLYP and

UB3LYP calculations on show that both of theseC41H43methods greatly overestimate the width of a soliton in PA.
Although our calculations on smaller polyenyl radicals indi-

cate that ab initio methods such as UCCSD(T), RCCSD(T)
and CASSCF are, in principle, probably capable of computing
correctly at least the approximate width of a soliton in PA, in
practice, UCCSD(T) could only be performed on radicals up
to seven carbons in length. For RCCSD(T) the upper limit
was radicals with nine carbons, and was the largestC13H15radical on which CASSCF calculations could be performed.
Although it was possible to perform ROHF/6-31G* and
UHF/6-31G* calculations on the former ab initioC41H43 ,
method predicts a soliton width that is much too short and
the latter a soliton width that is far too long.

Thus, we arrive at the sad conclusion that none of the
above methods for performing electronic structure calcu-
lations can be successfully applied to computing properties of
large polyenyl radicals, such as the width of the neutral
soliton in PA. Perhaps the most promising hope for the near
future is the development of functionals for DFT calculations
that give correctly the fallo† of spin densities in at least
smaller polyenyl radicals. DFT should, in principle, be
capable of computing this fallo† ; and DFT calculations can
be performed on large polyenyl radicals which exceed the
width of the neutral soliton in PA.
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