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A crystalline orbital study of polydiacetylenes
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The electronic and structural properties of the ground and excited states of infinite polydiacetylene
chains in acetylenic~PDA! and butatrienic~PBT! structures are studied by a series ofab initio
crystalline orbital and linear-combination-of-atomic-orbital periodic density functional theory
methods. A complete geometry optimization is performed for PDA and PBT with analytical energy
gradient techniques at the Hartree–Fock~HF! and Becke3-Lee-Yang-Parr~B3LYP! levels. The
HF/6-31G* and B3LYP/6-31G* reproduce the experimental geometrical parameters of substituted
polydiacetylenes with a PDA-like structure. We compute the relative stability and the potential
energy curves along the structural transition between PDA and PBT at the HF, B3LYP, and
second-order many-body perturbation theory@MBPT~2!# levels. All these calculations predict PDA
to be more stable than PBT by 28–87 kJ mol21. A minimum corresponding to the PBT-like
structure is found at the HF level, but not at the B3LYP or MBPT~2! level. We report the
frequencies of all the infrared- and Raman-active vibrational modes of PDA at the HF and B3LYP
levels. The frequencies of the carbon backbone stretching modes calculated at the B3LYP/6-31G*
level are within 60 cm21 of the measured frequencies of resonance Raman bands, when the former
values are scaled by a uniform scale factor of 0.96. The ionization potential~IP!, electron affinity
~EA!, and fundamental band gap (Eg) of PDA are calculated at the HF and B3LYP levels and also
at the MBPT~2! level employing the quasiparticle formalism. B3LYP/6-31G* provides the most
reasonable IP, EA, andEg , which are within 0.6 eV of the experimental results. Vertical excitation
energies to the lowest singlet and triplet excitons of PDA are obtained by configuration interaction
singles and by time-dependent density functional theory employing the B3LYP functional. These
treatments properly account for the nonvanishing exciton binding energy. While the CIS/6-31G*
excessively overestimates the singlet excitation binding energies, B3LYP/6-31G* provides a value
~0.3 eV! that is in good agreement with experiment~0.4 eV!. © 2001 American Institute of
Physics. @DOI: 10.1063/1.1368136#
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I. INTRODUCTION

Polydiacetylenes1 have two unique characteristics.~1!
They have fully conjugatedp electrons and~2! they can be
prepared in single crystal forms when hydrogen atoms on
carbon backbones are substituted with appropriate
groups. These unique characteristics make these polym
ideal systems for experimental investigations and may fa
tate commercial applications. By choosing different s
groups, one may alter the backbone geometries slightly
thereby control some important chemical and physical pr
erties of the polymers which are associated with the con
gatedp electrons. For example, one can synthesize the p
diacetylenes with an acetylenic backbone structure or th
with a butatrienic backbone structure~see Fig. 1!, and the
electronic structures and associated properties would d
accordingly. Despite the presence of bulky side groups,
is still able to study the properties arising primarily from t
conjugatedp electrons selectively by a number of expe
mental methods. Optical absorption spectroscopy2,3 makes it
possible to measure the strongp*←p transition associated
with the backbonep electrons and also the excitonic trans
tions which primarily involve backbonep electrons but lie

a!Electronic mail: bartlett@qtp.ufl.edu
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lower than these strongp*←p transitions. Raman spectros
copy with the excitation laser wavelength tuned into re
nance with thep*←p transition selectively probes the vibra
tional normal modes of carbon backbones.4,5 On the other
hand, it is not straightforward to extract electronic and str
tural information about the carbon backbone from photoel
tron spectra6 or infrared spectra,7 due to the manifold of
bands associated with the side groups in these spectra.

A considerable number of theoretical studies have b
reported on polydiacetylenes. Among them, a study
Karpfen8 offers a comprehensive theoretical account of ma
properties of the polymers in their ground electronic stat
He carried outab initio Hartree–Fock~HF! crystalline or-
bital ~CO! calculations with the STO-3G and 7s3p/3s basis
sets for the acetylenic and butatrienic structures of unsub
tuted polydiacetylene~hereafter simply referred to as PD
and PBT, respectively! and obtained optimized geometrie
relative stability of these two isomers, energy band str
tures, and some selected force constants. Although the
culations employed the first neighbor approximation for t
lattice summations and small basis sets, this study provi
valuable qualitative information about the structural and
ergetic properties of the polymer. The next contribution w
made by Suhai,9 who incorporated the effects of electro
correlation via second-order many-body perturbation the
0 © 2001 American Institute of Physics
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FIG. 1. Structures of the polydiacetylene polym
chains. ~a! An acetylenic structure~PDA!. ~b! A
butatrienic structure~PBT!.
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@MBPT~2!#10–12 into the ab initio CO calculations. He ob-
tained the total and relative energies, quasiparticle ene
bands, and excitation energies to the lowest-lying singlet
triplet excitons for PDA and PBT using STO-3G an
6-31G** basis sets. The excitation energies were calcula
with some semiempirical consideration of the screening
fects of electron–hole interaction, providing reasona
agreement with the available experimental results. Perio
density functional theory~DFT! calculations employing the
Xa functional were performed on unsubstituted polydiace
lenes by Boudreaux and Chance.13 In contrast to the above
mentionedab initio CO calculations, these DFT calculation
failed to provide a qualitatively correct description of th
structural and energetic properties of polydiacetylen
which may be consistent with a similar failure encounte
in the application of local DFT to polyacetylenes.14–19

The last 15 years have witnessed a significant advanc
the ab initio CO theory and periodic linear-combination-o
atomic-orbital~LCAO! DFT of polymers.20–23 A robust lat-
tice summation scheme, based on the so-called Namur c
criterion and the multipole expansion technique, has b
proposed by Delhalle and coworkers,24–26 and has made i
possible to routinely obtain precise total HF energies of
finite polymers with polar unit cells. Analytical gradients
the HF energy have been formulated and implemented
infinite polymers by Teramae and coworkers27 and have been
employed to determine the optimized geometries and vib
tional frequencies of infinite polymers efficiently. This h
been extended to LCAO DFT for infinite polymers emplo
ing local, gradient-corrected, and hybrid functionals
Hirata and Iwata.28 Sun and Bartlett have computed the to
energies29 and quasiparticle energy bands30 of infinite poly-
mers at the MBPT~2! level by carefully examining the en
ergy convergence with respect to the lattice summatio
Excited-state calculations of polymers have also been m
possible with configuration interaction singles~CIS!,9,31,32

time-dependent HF ~TDHF!,31,32 time-dependent DFT
~TDDFT!,32 and some approximate many-body Green
functional ~MBGF! theories33 by employing an efficient di-
rect CI algorithm and a robust lattice summation schem
These and other methods have been implemented into s
Downloaded 26 Sep 2005 to 128.227.192.244. Redistribution subject to A
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versatile CO program packages,29,34–41 and the results ob-
tained from them may be directly compared with the resu
of molecular orbital~MO! calculations of oligomers obtaine
from any available MO program packages for the same b
sets.

In light of these advances, we consider it important
apply modernab initio CO and periodic LCAO DFT meth-
ods to polydiacetylenes, which are one of the experiment
best-characterized polymers. Such an application will
only provide detailed electronic and structural informati
about thesep-conjugated polymers that may not be obtain
from experimental studies, but also help to better estim
the performance of the methods for infinitely extended s
tems. In this study we perform a series ofab initio CO and
periodic LCAO DFT calculations for the ground and excit
states of polydiacetylenes, and compare the results am
themselves and against some available experimental d
Our study is, therefore, along the same direction pursued
Karpfen, Suhai, and others. However, besides the fact
our ab initio CO and periodic LCAO DFT calculations ar
on an equal footing with theab initio MO and LCAO DFT
calculations on oligomers, they also offer several new c
tributions. ~1! First, we perform a complete geometry op
mization of an infinite chain of PDA~and of PBT, when it
exists! with the only constraint arising from the assumptio
of the C2h symmetry of the polymer. The calculations a
carried out efficiently with the aid of the analytical energ
gradient technique forab initio HF CO theory and periodic
DFT employing the Becke3-Lee-Yang-Parr~B3LYP! hybrid
functional. ~2! On the basis of these optimized geometrie
we compute the relative stability of the two isomers. Pote
tial energy curves along the structural transition betwe
PDA and PBT are also obtained at the HF, B3LYP, a
MBPT~2! levels.~3! We then compute the frequencies of th
infrared- and Raman-active vibrational modes of the infin
PDA chain at the HF and B3LYP levels at their respect
optimized geometries. The force constants in the Carte
coordinate basis required in the normal coordinate anal
are obtained by numerical differentiation of analytical ener
gradients with respect to geometrical displacements.~4! The
ionization potential~IP! and electron affinity~EA! of PDA
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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9132 J. Chem. Phys., Vol. 114, No. 20, 22 May 2001 Tobita, Hirata, and Bartlett
are also computed in three different approaches:
B3LYP, and MBPT~2!. The ab initio HF CO method and
periodic B3LYP DFT provide their IP’s and EA’s as th
negative of the highest occupied orbital~HOMO! and lowest
unoccupied orbital~LUMO! energies, respectively, within
Koopmans’ theorem~or its analogy to DFT!. Correlation
corrections to Koopmans’ IP and EA are computed with
MBPT~2! quasiparticle method. The fundamental band g
which corresponds to the IP minus EA, is also obtained
the HF, B3LYP, and MBPT~2! levels.~5! The vertical exci-
tation energies to the lowest singlet and triplet excitons
PDA are also computed by the configuration interact
singles~CIS! method and by time-dependent density fun
tional theory ~TDDFT! employing the B3LYP functional.
Convergence of the calculated vertical excitation energ
with respect to the chain length is studied by perform
some MO and DFT calculations on oligomers together w
the CO and periodic DFT calculations on the polymers. T
study offers a comprehensive theoretical account of poly
acetylenes.

II. METHODS OF CALCULATIONS

The geometry optimization of infinite chains of PDA
performed using analytical energy gradients28 for ab initio
HF CO theory and for periodic DFT employing the B3LYP42

functional with the STO-3G, 6-31G, 6-31G*, and 3-21G
~Refs. 43–46! basis sets. The geometry of PBT is also op
mized at the HF level with the same series of basis sets.
C2h symmetry of these polymers is assumed, as it is unlik
that lifting this symmetry constraint will lead to geometri
with lower energies. An attempt to find a local minimum a
fin
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y

t
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PBT-like structure with the B3LYP functional turned unsu
cessful, meaning that PBT is located either at a very shal
local minimum or at a shoulder in the potential energy h
persurface. The geometry optimization procedure is base
a simple steepest descent algorithm with the geometry di
inversion in the iterative subspace~GDIIS! extrapolation of
Császár and Pulay.47 For infinitely extended systems, th
infrared- and Raman-active vibrational modes correspon
the in-phase (k50) motion of nuclei.48 We compute the fre-
quencies of these infrared- and Raman-active (k50) vibra-
tional modes by a normal coordinate analysis with the fo
constants calculated at the HF and B3LYP levels. The fo
constants are obtained by numerical differentiation of a
lytical gradients of the energies with the step size of
numerical differentiation being 0.02 Bohr. The evaluation
all thek50 Cartesian force constants involves analytical e
ergy gradient calculations at 15 symmetrically distinct geo
etries for each theoretical model. The HF and B3LYP sing
point energy calculations and analytical energy gradi
calculations are performed using a direct algorithm for
integral evaluation. The potential energy curves of the P
to PBT transition are computed at the MBPT~2! level as well
as at the HF and B3LYP levels with the STO-3G basis se
the respective HF/STO-3G optimized geometries. The IP
EA of PDA are computed as the negative of the HOMO a
LUMO energies, respectively, at the HF and B3LYP leve
This treatment can be justified by Koopmans’ theorem
the IP and EA of HF and by the theorem proven by Lev
Perdew, and Sahni49 and by Almbladh and von Barth50 for
the IP of DFT. The IP and EA are also computed at t
MBPT~2! level on the basis of the formula12,29,30
ep@kp#
MBPT~2!5ep@kp#

HF 1(
j

(
a,b

(
kj ,kb

BZ
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where i and j represent occupied orbitals,a and b virtual
orbitals by convention, andeHF andeMBPT(2) are the orbital
energies of the respective theoretical levels. For the de
tion of the wave-vector-dependent two-electron integra
see, e.g., Ref. 33. The wave vectors, which are denoted bk,
satisfy the following relations

kp1kj5ka1kb1
2mp

Rt
, ~1!

ki1kj5kp1kb1
2np

Rt
, ~2!

whereRt represents the translational period andm andn are
integers. These expressions are well-defined only when
corresponding HF orbital energies are in the energy ra
given by
i-
,

he
e

eHOMO
HF 2Eg

HF,ep@kp

HF ,eLUMO
HF 1Eg

HF, ~3!

where Eg
HF is the HF fundamental band gap. The highe

occupied and lowest unoccupied HF orbitals are alw
within this range and hence Eqs.~1! and~2! are well-defined
for our purpose. The MBPT~2! singlepoint energy calcula
tions and quasiparticle energy calculations are accomplis
with disk-based algorithms. The vertical excitation energ
to the lowest singlet and triplet exciton states of PDA a
computed by CIS9,31,32and TDDFT32 using the B3LYP func-
tional. We invoke the trial-vector algorithms proposed
Davidson51 and modified by others52–55such that the atomic-
orbital ~AO!-based two-electron integrals are never stor
but recomputed as needed and the transformation of th
integrals from the AO basis to the CO basis is avoided.32

All the ab initio CO and periodic DFT calculations ar
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE I. Optimized geometrical parameters of an infinite chain of polydiacetylene in an acetylenic stru
~PDA! obtained byab initio HF CO theory and periodic DFT employing B3LYP functional. Bond lengths
given in Å and bond angles in degrees.

Theory r CwC r CvC r C–C r C–H aCvC–C aH–C–C aCwC–C

HF/STO-3G 1.178 1.328 1.448 1.086 123.4 116.4 179.7
HF/3-21G 1.193 1.331 1.422 1.073 123.1 116.7 179.4
HF/6-31G 1.200 1.337 1.424 1.074 123.7 116.5 178.7
HF/6-31G* 1.193 1.331 1.430 1.075 123.2 116.7 178.4
B3LYP/STO-3G 1.221 1.375 1.432 1.103 123.5 117.2 179.4
B3LYP/3-21G 1.221 1.366 1.400 1.088 123.7 117.4 179.2
B3LYP/6-31G 1.228 1.371 1.403 1.089 124.2 117.3 178.5
B3LYP/6-31G* 1.224 1.368 1.401 1.089 123.9 117.4 178.1
HF/7s3p/3sa 1.194 1.321 1.425 ~1.087! ~123.9! ~115.3! ~180.0!
Experimentb 1.19 1.36 1.43 121.9 115.8 177.6
Experimentc 1.21 1.33 1.44 120.9 120.1 174.4
Experimentd 1.21 1.36 1.41

aReference 8. The numbers in parenthesis are not optimized.
bReferences 60 and 61.
cReference 62.
dReference 59.
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performed with thePOLYMER41 program, which employed
the so-called Namur cutoff criterion24,25 for truncating the
infinite lattice summations~see Ref. 56 for the performanc
of various cutoff criteria!. The cutoff radius for the short
range lattice summations~i.e., those for the overlap integral
the kinetic integrals, and the overlap-like lattice summatio
of the nuclear-attraction and two-electron integrals! is suffi-
ciently large, so that the lattice sums are practically c
verged. The long-range lattice summations~i.e., those for the
r 12

21 interactions of the nuclear attraction and two-electr
integrals! are truncated after ten unit cells~one unit cell con-
tains four carbon atoms and two hydrogen atoms! on both
sides of the reference unit cell for the HF, B3LYP, a
MBPT~2! calculations. It is generally necessary to take
larger cutoff radius in excited-state calculations.32 We in-
clude 20 unit cells on both sides of the reference unit cell
the long-range lattice summations in the CIS and TDD
calculations. We use 30 evenly spaced wave-vector samp
points for the HF, B3LYP, and MBPT~2! calculations and 40
for the CIS and TDDFT calculations. The multipole expa
sion technique is not invoked in this study, as the unit c
does not have a permanent dipole. The HF and B3LYP
culations on oligomers of PDA are performed by using
ACES II57 and Q-CHEM58 programs. The structures of thes
oligomers are obtained by simply repeating the optimiz
geometries of the unit cell of the infinite chains obtained
the respective theoretical levels and attaching some appr
ate end groups.

III. RESULTS AND DISCUSSION

A. Equilibrium structure

The optimized geometrical parameters and some av
able experimental data of PDA are presented in Table I.
experimental data were obtained for substituted polydiac
lenes in PDA-like structures, and hence may not be co
pared straightforwardly with the calculated results for uns
stituted PDA. Indeed, the polydiacetylenes with differe
side groups have slightly different geometries, although t
 2005 to 128.227.192.244. Redistribution subject to A
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all correspond to the PDA-like structures. For example,
measured CwC bond length varies in the range of 1.19–1.
Å,59–62 depending on the side groups. Similarly, the me
sured CvC and C–C bond lengths are in the range of 1.3
1.36 and 1.41–1.44 Å,63 respectively, and there is also som
variation in the experimental results of bond angles.

The calculated geometric parameters appear to conv
rapidly with increasing basis set size. The HF/6-31G* and
B3LYP/6-31G* values may be considered to be practica
converged with respect to the basis set size and it is poss
to draw definitive conclusions on the performance of the
methods on the geometry. Overall, the equilibrium bo
lengths computed from the HF/6-31G* and B3LYP/6-31G*
calculations are in good agreement with the experime
data. For example, the calculated CwC bond lengths at the
HF/6-31G* and B3LYP/6-31G* levels~1.19 and 1.22 Å! are
consistent with the measured bond lengths~1.19–1.21 Å!.
The calculated CvC ~1.33 and 1.37 Å! and C–C bond
lengths ~1.43 and 1.40 Å! at the HF/6-31G* and
B3LYP/6-31G* levels are also embraced in the range of t
corresponding experimental bond lengths. The variation
the experimental bond angles is;4°. Considering that this
variation likely arises from the effects of bulky side grou
and their crystal packing, the agreement between the ca
lated and observed bond angles is reasonable. We also
that the bond lengths optimized by Karpfen at t
HF/7s3p/3s level with fixed bond angles are consistent wi
our optimized geometrical parameters obtained at the HF
21G level~the 7s3p/3s basis set is similar to the 3-21G bas
set in size!.

As noted by Karpfen and also evident from Table
owing to the delocalized nature of the conjugatedp elec-
trons, the CwC, CvC, and C–C bonds in PDA assum
substantial CvC, C–C, and CvC bonding character, re
spectively. For example, the calculated and observed CwC
bond lengths of PDA are appreciably longer than the isola
~nonconjugated! CwC bond in acetylene~1.17 Å!, indicating
the appreciable CvC bonding character in the former. Like
wise, the CvC and C–C bonds of PDA are longer an
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE II. Optimized geometrical parameters of an infinite chain of polydiacetylene in a butatrienic stru
~PBT! obtained byab initio HF CO theory. Bond lengths are given in Å and bond angles in degrees.

Theory r CCvCC r C–C r HCvCC r C–H aC–CvC aH–CvC aCvCvC

HF/STO-3G 1.245 1.473 1.314 1.087 123.6 119.9 179.9
HF/3-21G 1.249 1.451 1.314 1.074 123.2 119.4 179.8
HF/6-31G 1.256 1.449 1.322 1.075 123.7 119.1 179.9
HF/6-31G* 1.255 1.453 1.317 1.076 123.3 119.2 180.0
HF/7s3p/3sa 1.248 1.468 1.319 ~1.087! ~123.7! ~119.4! ~180.0!
Experimentb 1.29 1.42 1.38 119.2 116.0 177.2

aReference 8. The numbers in parenthesis are not optimized.
bReference 63.
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shorter, respectively, than the CvC bond in ethylene~1.31
Å! and the C–C bond in ethane~1.54 Å!. In the language of
valence bond theory, the electronic structure of PDA is
mixture of the two valence bond structures, the PDA ty
and the PBT type, depicted in Figs. 1~a! and 1~b!, respec-
tively, with the PDA-type structure being dominant. Even
the HF level, in which the electron correlation effects are
taken into account, the ground-state wave function of PDA
a mixture of these two valence bond structures, and hen
properly accounts for the mixed single, double, and tri
bond orders in PDA. As the electron correlation effects
taken into account, the ground-state wave function of P
will have an increased proportion of the PBT-type valen
bond structure. This may be understood by remembering
the HOMO has the PDA-type bonding pattern and
LUMO has the PBT-type bonding pattern and the inclus
of electron correlation effects amounts to including the
terminants, in which electrons are promoted from the HOM
to the LUMO. Thus we can expect that the CwC bond will
have greater CvC bond character and likewise the CvC
and C–C bonds will have greater C–C and CvC bond char-
acter, ongoing from HF to a correlated method. Indeed,
observe the expected changes in the CC bond lengths o
ing from the HF to B3LYP results, although the latter is n
a conventional wave-function-based correlation treatm
For example, CwC and CvC bonds lengthen by;0.03 Å,
while the C–C bond shortens by;0.03 Å, ongoing from the
HF to B3LYP method. Essentially the same phenomen
has been observed in the optimized geometries
polyacetylenes.12 This phenomenon also manifests itself
the calculated vibrational frequencies and is discussed
Sec. III C.

In Table II we list the geometric parameters of PB
optimized at the HF level with different basis sets. T
B3LYP calculation failed to locate a local minimum of PBT
details of which are discussed in Sec. III B. We again o
serve that the optimized geometries of PBT exhibit ra
convergence with respect to the basis set size and henc
HF/6-31G* result is considered to be sufficiently close to t
HF limit. We also note that the optimized geometry of Ka
pfen obtained from the HF/7s3p/3s calculation is consisten
with the result of our HF/3-21G calculation. From Tables
and II we find that the agreement between the calculated
measured geometric parameters is less satisfactory for
than for PDA. For example, the calculations tend to und
estimate CvC bond lengths and overestimate the C–C bo
 2005 to 128.227.192.244. Redistribution subject to A
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lengths by 0.03–0.06 Å. The larger deviation between
calculated and measured geometric parameters of PBT
partly be ascribed to the effects of bulky side groups and
crystal packing on the experimental result. These effects
probably greater on PBT structures than on PDA structu
because it is the bulky side groups that prevent PBT, wh
is a local minimum, from relaxing to PDA, which is th
global minimum, in the course of polymer synthesis a
crystallization. However, for the same reason that PBT i
local minimum, the accurate description of the potential e
ergy hypersurface near PBT will be computationally d
manding, and it is possible that the HF description of PBT
slightly worse than that of PDA. Nevertheless, in spite of t
above-mentioned deviation, the calculations reproduce
bonding pattern and other qualitative structural characte
tics of PBT correctly. We add that our optimized geometr
of PDA and PBT at the HF/6-31G level are in excelle
agreement with those obtained from an oligomer extrapo
tion method employing an independent program.64

B. Energetics

Figure 2 is a plot of the potential energy curves along
PDA to PBT transition at the HF level with the STO-3G
3-21G, 6-31G, and 6-31G* basis sets. The horizontal ax
~D! refers to the fraction of the PBT structural paramete
Geometrical parameters are generated by linear interpola
of the optimized PDA and PBT structures to calculate
potential energy curve. The calculations are performed aD
being equal to 0.0~PDA!, 0.2, 0.4, 0.6, 0.8, and 1.0~PBT!.
We do not obtain a converged result atD50.8 with the
3-21G basis set because of the oscillations of the den
matrix between the PDA-like and PBT-like electronic co
figurations. In other words, there is a HOMO-LUMO cros
ing aroundD50.8 in the HF/3-21G curve as previously su
gested by Karpfen8 and by Whangboet al.65

Karpfen calculated a potential energy curve along
PDA to PBT transition using the STO-3G basis set with
the first- to third-neighbor approximations and using t
7s3p/3s basis set within the first-neighbor approximatio
His result is consistent with ours; the relative stability
PDA over PBT at the HF/STO-3G level is 83.7 kJ/mol21 by
Karpfen and is 87.0 kJ/mol21 from our calculation which
includes ten neighbor unit cells. The relative stability at t
HF/7s3p/3s level is 50.264.2 kJ/mol21 ~Karpfen!, which
compares well with our HF/3-21G result, 48.2 kJ/mol21. The
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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energy barrier for the PDA to PBT transition appears to
only slightly larger than the relative energy. In other word
the minimum for the PBT structure is very shallow towa
PDA. A rough estimate of the energy barrier relative to PD
is obtained as the energy difference betweenD50 and
D50.8, and is 60 kJ/mol21 at the HF/6-31G* level. Though
the geometry optimization of the transition state would low
the barrier, this value is consistent with an experimental fi
ing by Wegner,2 who reported that the experimental ener
barriers were between 58–97 kJ/mol21 depending on side
groups. Suhai9 also reported the relative stability at the H
and second-order Møller–Plesset perturbation the
@MPPT~2!# levels using the STO-3G and 6-31G** basis sets.
His calculated values 47.8, 37.0, 34.4, and 24.0 kJ/mo21

for HF/STO-3G, HF/6-31G** , MPPT~2!/STO-3G, and
MPPT~2!/6-31G** are significantly lower than ours. Sinc
geometries in his calculations were taken from experime
structures of substituted polydiacetylenes and the calc
tions were performed by simply substituting side groups
hydrogen atoms, the PDA-like and PBT-like structures u
were not at the minima of the potential energy surface.

The relative stability calculated with the STO-3G ba
set is substantially larger than the value obtained with 3-2
6-31G, and 6-31G* basis sets~48.2, 49.5, and 49.4 kJ/mol21,
respectively!. These numbers seem to be converged with
spect to the basis set size and are considered as the HF

FIG. 2. The ground-state potential energy curves along the structural
sition between PDA and PBT computed at the HF/STO-3G, HF/3-2
HF/6-31G, and HF/6-31G*. D50 corresponds to the PDA structure an
D51 to the PBT structure optimized at each basis set. The total energ
the PDA at each basis set is taken as the reference energy.
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results. Interestingly, we obtain a converged relative ene
already with the 3-21G basis set, which is usually too sm
in molecular calculations. This is one of the characteristics
the calculations of infinitely extended systems. As the tails
the basis functions from the neighbor unit cells can contr
ute to the central unit cell, the description of the long ran
region of the basis functions in the central unit cell is we
complemented by basis functions of the neighbor unit ce
making the calculations converge to the basis set limit r
idly.

Figure 3 is a plot of the potential energy curve along t
PDA to PBT transition computed at HF/STO-3G, MBPT~2!/
STO-3G//HF/STO-3G, and B3LYP/STO-3G//HF/STO-3
levels. TheD between 0.6 and 1.0 are taken at a 0.02 s
size in HF and B3LYP calculations. Each energy calculat
is performed with an initial density as one that is converg
in a previous geometry so that we stay on the wave func
of interest. The MBPT~2! energy calculation is performed a
D equal to 0.60, 0.66, 0.70, 0.74, 0.78, 0.82, 0.86, 0.90, 0
and 1.00 as well as 0.00, 0.20, and 0.40. Notice that

n-
,

of

FIG. 3. Potential energy curves along the structural transition between P
and PBT computed at the HF/STO-3G, B3LYP/STO-3G, and MBPT~2!/
STO-3G levels.D50 corresponds to the PDA structure andD51 to the PBT
structure optimized at HF/6-31G*. The total energy of the PDA at eac
theoretical level is taken as the reference energy. The black closed c
plots are energy of PDA type wave function and open diamond plots
energy of PBT wave function.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE III. Frequencies ofk50 vibrational modes~in cm21! of an infinite chain of polydiacetylene in an acetylenic structure~PDA!.

Mode Experimenta

HF B3LYP

STO-3G 3-21G 6-31G 6-31G* STO-3G 3-21G 6-31G 6-31G*

ag n1 3710 3351 3361 3374 3422 3159 3167 3165
n2 2098 2771 2501 2486 2494 2350 2204 2188 2176
n3 1490 1960 1783 1801 1806 1633 1532 1549 1540
n4 1204 1526 1468 1467 1445 1370 1323 1328 1305
n5 955 1077 1050 1043 1023 967 957 958 945
n6 535 528 502 475 436 417 416 415

bu n7 3694 3359 3366 3378 3418 3170 3176 3173
n8 1503 1455 1458 1431 1407 1383 1402 1395
n9 1381 1313 1347 1321 1307 1298 1302 1269
n10 500 496 490 477 454 454 452 447

au n11 1189 1116 1117 1099 1028 983 989 972
n12 504 487 486 470 431 420 428 424

bg n13 1022 1055 1039 971 865 890 903 858
n14 522 606 581 488 436 463 471 467

aReference 68.
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inclusion of electron correlation alters the shape of the
tential energy curves qualitatively. The B3LYP does not p
dict a double minima corresponding to PDA and PBT, b
only a single minimum at the PDA structure. There is
shoulder where PBT would have been expected. Likew
MBPT~2!, though a strong function of its HF reference, s
predicts a flatter PDA potential curve, and the ground-s
curve exhibits a discontinuity where the HF curves cross
both correlated treatments, the sign of the slope in the P
wave-function curves is reversed from that of the HF cur
From these results we conclude that electron correla
strongly disfavors the PBT structure. However, consider
the fact that the basis set employed here is small and
geometry is not optimized at each point of the potential
ergy curves, the reliability of the MBPT~2!/STO-3G and
B3LYP/STO-3G results must not be overrated. There
some experimental data66 that indicate the existence of
PBT minimum on the potential energy surface, which mig
be partly due to polydiacetylene having bulky side groups
is also possible that the MBPT~2!/STO-3G and B3LYP/
STO-3G potential energy curves, which do not have a P
minimum, are qualitatively wrong, or qualitatively differen
from curves which would be obtained with the optimiz
geometry at each point that corresponds to a theoretical l
using large basis sets, although this does not appear lik
Note that pure DFT calculations fail to describe the poten
energy curve along the bond alternation coordinate qua
tively correctly.67

C. Vibrational frequencies

For an infinite crystalline system, the vibrational mod
which give rise to infrared and Raman bands occur at
center (k50) of the Brillouin zone of the phonon dispersio
curves, owing to the momentum conservation law.48 The cal-
culated harmonic frequencies of all thek50 vibrational
modes of PDA obtained from the HF and B3LYP metho
are given in Table III. The vibrational modes are categoriz
into ag , bu , au , or bg irreducible representations as the u
Downloaded 26 Sep 2005 to 128.227.192.244. Redistribution subject to A
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cell of PDA belongs to theC2h point group. Among them,
only some of theag vibrations are unambiguously assigne
to the observed bands,68 as they give rise to intense bands
resonance Raman spectra with the incident laser wavele
tuned into resonance with thep*←p electronic transition.
Theseag vibrations involve, to a varied degree, the stretc
ing and bending motion of the carbon backbone and stron
modulate thep-electronic structure of PDA. Infrared spec
troscopy, on the other hand, tends to provide complex sp
tra that are dominated by the bands from the side grou7

and it is not straightforward to identify the bands associa
with the PDA carbon backbone.

The calculated frequencies converge with respect to
basis set size smoothly and rather rapidly at the correspo
ing limiting values. As is well-known, these calculated fr
quencies obtained from the HF and B3LYP calculations
higher than the observed frequencies. Universal scale fac
were determined by Scott and Radom69 and by Wong70 from
a least-squares fitting procedure to a set of a large numbe
calculated and observed frequencies. They are 0.9613~Ref.
69! or 0.9614~Ref. 70! for the B3LYP/6-31G* and 0.8953
~Ref. 70! for the HF/6-31G*. Scaling the frequencies of PDA
obtained from the B3LYP/6-31G* calculations by the rec-
ommended scale factor~0.9614!, we find that the calculation
and experiment agree with each other reasonably well.
scaled B3LYP/6-31G* frequencies are 2092, 1481, 125
and 909 cm21 for the observed bands68 at 2098, 1490, 1204
and 955 cm21, respectively. The agreement is less satisf
tory for the HF/6-31G* frequencies after they are scaled b
0.8953. The scaled HF/6-31G* frequencies are 2233, 1617
1294, and 916 cm21. The scaled calculated frequencies f
n2 andn3 modes are significantly overestimated and the
viations are as large as;120 cm21, indicating that the raw
HF frequencies ofn2 and n3 of PDA are particularly over-
estimated relative to the other raw HF frequencies. We
lieve that this is not accidental, as a similar trend has b
observed for another important conjugatedp-electron poly-
mer, i.e., polyacetylene.71,72 It has been found that the elec
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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tron correlation effect is particularly large on the calculat
frequency of the so-called ‘‘in-phase CvC stretching
mode’’ ~Ref. 71! or ‘‘bond order alternating mode’’~Ref.
72!, which gives rise to an intense Raman band, and that
HF frequencies of this mode tend to be excessively ove
timated even after the simple scaling procedure propose
Pulay.73 Since the in-phase CvC stretching mode is a simul
taneous CvC bond stretch and C–C bond shrinkage and
HOMO of this polymer has the CvC bonding and C–C
antibonding character and the LUMO has the CvC anti-
bonding and C–C bonding character, the in-phase CvC
stretching mode strongly couples with the energy levels
the HOMO and LUMO. The calculated frequency of th
mode is particularly sensitive to the treatment of elect
correlation, as the latter includes the determinant in wh
electrons are promoted from the HOMO to the LUMO in
the wave function. We consider that the same argument
plains the overestimation of the scaled frequencies ofn2 and
n3 of PDA at the HF level. The normal coordinates of the
modes are along the transition between PDA and PBT,
hence the vibrational motion along them couples with
energy levels of the HOMO, which has the PDA-type bon
ing character, and of the LUMO, which has the PBT-ty
bonding character. The effect of electron correlation
therefore, significant on the frequencies ofn2 and n3 . The
B3LYP method improves the calculated frequencies ofn2

andn3 remarkably well, as it approximately takes the effe
of the electron correlation into account.

D. Ionization potential, electron affinity,
and fundamental band gap

The IP, EA, andEg of PDA calculated by the HF
B3LYP, and MBPT~2! levels are listed in Table IV. The
calculations are performed at the HF and B3LYP level w
the STO-3G, 3-21G, 6-31G, and 6-31G* basis sets at the

TABLE IV. The ionization potential~IP!, electron affinity~EA! and band
gap (Eg) ~in eV! of an infinite chain of polydiacetylene in an acetylen
structure~PDA!. The IPs and EAs are calculated at the HF and B3L
levels at the respective optimized geometries as the negatives of the hi
occupied and lowest unoccupied orbital energies, respectively, accordi
Koopmans’ theorem and its DFT variant. The MBPT~2! calculations of the
IPs and EAs are based on the HF optimized geometries and the frozen
approximation. The fundamental band gaps correspond to~IP2EA!.

IP EA Eg

HF/STO-3G 5.92 23.95 9.87
HF/3-21G 7.36 20.42 7.78
HF/6-31G 7.18 20.50 7.68
HF/6-31G* 7.33 20.67 8.00
B3LYP/STO-3G 3.39 0.86 2.53
B3LYP/3-21G 4.99 3.20 1.78
B3LYP/6-31G 4.84 3.12 1.72
B3LYP/6-31G* 4.83 3.15 1.68
MBPT~2!/STO-3G 5.49 23.53 9.03
MBPT~2!/3-21G 6.75 0.70 6.05
MBPT~2!/6-31G 6.54 0.65 5.89
Experiment 5.560.1a, 5.260.1b, 5.8c 3.160.1a, 3.4c ;2.4a

aReference 76.
bReference 75.
cReference 74.
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optimized geometries of the respective models and
MBPT~2! level with the STO-3G, 3-21G, and 6-31G bas
sets at the HF optimized geometries of the respective b
sets. The IPs calculated at the HF level~i.e., by Koopmans’
approximation! appear converged at the limiting value of 7
eV. We consider that the inclusion of diffuse basis functio
would lead to only a slight change~in the order of a few
tenths of an electron volt! in the calculated IPs for the fol
lowing two reasons. First, this ionization process involv
the HOMO, which is expected to have valence character
is spatially compact, and hence the 6-31G* basis set provides
a reasonably good description of the process. Second,
have calculated the IPs of an oligomer of PDA~consisting of
two C4H2 unit cells plus some appropriate end groups! at the
HF level across the 6-31G*, 6-311G*, and 6-3111G**
basis sets. We found that the difference in the calculated
between the 6-31G* and 6-3111G** basis sets is 0.19 eV
which we consider to be reasonably small.

The IP calculated at the HF/6-31G* ~7.33 eV! is notice-
ably larger than the experimental values, which are in
range of 5 to 6 eV.74–76 Ongoing from the HF to MBPT~2!
level, the calculated value of the IP shifts toward the dire
tion of the experimental value. The IP calculated at t
MBPT~2!/6-31G level is 6.53 eV, which is more than 0.7 e
higher than one of the experimental values, but the inclus
of electron correlation at this level accounts for a respecta
portion of the deviation between the Koopmans’ and exp
mental IPs. Part of the remaining deviation may be ascri
to the polarization or screening effects in the actual thr
dimensional polydiacetylene crystals,77,78which are expected
to lower the IP. Interestingly, a reasonable value of the
can be obtained from the B3LYP/6-31G* method~4.83 eV!,
which is only 0.4 eV lower than one of the experimen
values~5.2 eV!. As we mentioned already, the HF metho
overestimates the IP of PDA, whereas DFT tends to und
estimate the IP, owing to the unphysically rapid asympto
decay of the DFT exchange potentials.79–81 As the B3LYP
functional is a hybrid of the HF exchange~20%! and other
approximate exchange and correlation functionals, this e
is partly eliminated, making IPs a result of cancellation o
positive error in the HF and a negative error in the DFT. T
similar agreement in the IPs between the B3LYP and exp
mental results has been observed for trans-polyethyle32

and trans- and cis-polyacetylene.67

The accurate calculations of EAs are generally mu
more demanding than those of IPs. The electron-attac
states~or the virtual orbitals involved! tend to have a large
spatial spread, and diffuse basis functions would be requ
to describe those states. It is also known that Koopma
theorem performs poorly for EAs. The EA of PDA compute
by the HF/6-31G* method has the wrong sign; the calculat
value is20.67 eV, whereas the experimental value is 3.
3.4 eV.74,76The LUMO of PDA is primarily of valence char
acter and hence the necessity of diffuse basis function
relatively small~e.g., compared with the LUMO of polyeth
ylene!. Nonetheless, the inclusion of diffuse functions is e
pected to further increase the EA obtained with the 6-31*
basis set by 0.51 and 0.69 eV, estimated by the oligom
calculations with the 6-311G* and 6-3111G** basis set,

est
to
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respectively. Thus Koopmans’ approximation excessiv
underestimates the EA of PDA. The inclusion of electr
correlation at the MBPT~2! again corrects the Koopmans
EA toward the direction of the experimental data. Howev
the calculated value of the EA obtained from the MBPT~2!/
6-31G level is 0.65 eV, which is still too small compared
experiment even after adding the basis set correction of 0
eV. We also compare the negative of the LUMO ener
obtained from the B3LYP calculations~in analogy to Koop-
mans’ theorem for HF! with the experimental EA. The EA
from the B3LYP/6-31G* method is 3.15 eV, which is in
good agreement with the experimental values. Although
calculated value may change to some extent upon inclu
of diffuse basis functions and the polarization or screen
effects of crystals, it appears to be a considerable impro
ment over HF or even MBPT~2!. The much higher value o
EA in the B3LYP than in the HF, in other words, a muc
lower LUMO energy in B3LYP than in the HF, can be trac
back to the ‘‘multiplicative’’ nature of the exchange pote
tials of DFT in contrast to the ‘‘orbital-dependent’’ nature
the HF exchange potential. The HF exchange potential fo
occupied orbital comes from theN21 electrons in all the
other occupied orbitals, whereas the HF exchange pote
for a virtual orbital comes from all theN electrons. The DFT
exchange potential, which is seldom accomplished with
introducing an ‘‘exact exchange’’ treatment,82 on the other
hand, is the same for both, if the self-interaction is prope
eliminated. Nonetheless, the virtual orbitals of DFT gen
ally lie lower than those of HF, because an electron in
virtual orbital of DFT feels the repulsive interactions fro
one less electron than does an electron in a virtual orbita
HF. However, the above argument also suggests that it
not be theoretically justifiable to view the negative of t
LUMO energy as an approximation to the EA.

Computationally,Eg amounts to the calculated value
~IP2EA! listed in Table IV for each of the theoretical mod
els employed here. As the HF overestimates IP and unde
timates EA, we expect that it would excessively overestim
Eg5IP2EA. Indeed, the HF/6-31G* predicts the value of
Eg to be 8.00 eV, which is unreasonably larger than an
perimental value~;2.4 eV! obtained for a substituted
polydiacetylene.76 This large error is ascribed to both th
approximation in the calculation~inadequacy of the basis se
and the neglect of electron correlation! and the polarization
or screening effects in the actual material. The inclusion
the effects of electron correlation at the MBPT~2!/6-31G
level accounts for a respectable amount~35%! of the error
between the HF/6-31G and experimental results. Howe
the calculatedEg ~5.89 eV! is still substantially overesti-
mated compared with the experiment~2.4 eV!. The B3LYP
calculations again provide the most reasonable result~1.69
eV! of Eg , although it is slightly smaller than the exper
ment. The agreement is due to the multiplicative nature
the exchange potential of DFT, which also leads to a rat
good agreement between the calculated and observed
~see above!. As mentioned earlier, this characteristic of t
exchange potential, however, suggests that it may no
entirely justifiable to consider the energy difference betwe
the HOMO and LUMO of DFT as representingEg , which
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may be experimentally measured as IP2EA. Indeed, the for-
mal theoretical argument indicates that the HOMO-LUM
energy difference in DFT and the experimentalEg differ
from each other by the so-called ‘‘discontinuit
constant.’’83–85 The discontinuity constant accounts for th
jump in the exchange potential upon addition of an elect
to the system, as the exchange potential in DFT itself is
analytic function of electron density and is not normally c
pable of exhibiting such a discontinuity upon increasing
number of electrons. Thus generally, the HOMO-LUMO e
ergy difference in DFT is found to be smaller thanEg . The
B3LYP functional is a hybrid of HF exchange~20%!, con-
ventional exchange and correlation functionals, and he
the overestimation ofEg by HF and the underestimation o
Eg by pure DFT, whenEg is approximated as the HOMO
LUMO energy difference, partly cancel each other. Con
quently, the HOMO-LUMO energy difference of B3LYP is
reasonable approximation toEg . It is notable that this hybrid
HF and DFT method, B3LYP, which was originally de
signed to reproduce the experimental thermochemical qu
tities accurately, does not only provide accurate geometr
parameters and vibrational frequencies of PDA, but also
produces the IP, EA,Eg , and the excitation energies or ex
citon binding energies~see below! uniformly better than HF
or MBPT~2!.

E. Excitation energies to the singlet and triplet
excitons

In Table V we compile the calculated vertical excitatio
energies to the lowest singlet and triplet exciton states
PDA. The calculations are carried out at the CIS and TDD
~with the B3LYP functional! level employing the STO-3G
3-21G, 6-31G, and 6-31G* basis sets at their respective o
timized geometries. Analogous to polyacetylene,29 the ex-
perimental optical absorption band edge of a substitu
polydiacetylene is located at;2.0 eV,5,86 which is lower
than the photoconduction threshold 2.4 eV76 and the photo-
emission threshold 5.5 eV.87 This result indicates that the
optical absorption at around 2.0 eV is associated with
singlet exciton states that lie below the conduction band. T

TABLE V. The vertical excitation energies~in eV! to the lowest-lying sin-
glet and triplet excitons of an infinite chain of polydiacetylene in an ace
lenic structure~PDA!. Excitation energies are calculated by configurati
interaction singles~CIS! on the basis ofab initio HF CO theory and by
time-dependent DFT~TDDFT! employing the B3LYP functional at the re
spective optimized geometries.

Singlet Triplet

HF/CIS/STO-3G 5.34 2.28
HF/CIS/3-21G 3.68 1.82
HF/CIS/6-31G 3.60 1.73
HF/CIS/6-31G* 3.69 1.91
B3LYP/TDDFT/STO-3G 2.25 1.08
B3LYP/TDDFT/3-21G 1.51 0.79
B3LYP/TDDFT/6-31G 1.45 0.77
B3LYP/TDDFT/6-31G* 1.40 0.68
Experiment 2.0a,b

aReference 5.
bReference 86.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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wave functions of these exciton states are more suitably
scribed as a linear combination of several singly substitu
determinants rather than as one determinant in which
electron is promoted from the HOMO to LUMO. CIS an
TDDFT when combined with an appropriate exchang~-
correlation! functional are among the simplest excited-st
methods that allow the singly substituted determinants
interacting units to mix and provide an appropriate zero
order description of the exciton states.

The calculated CIS and TDDFT excitation energ
seem converged at 3.7 and 1.4 eV for the singlet exc
state and at 1.9 and 0.7 eV for the triplet exciton state,
spectively. However, the excitation energies can be sens
to the basis set size as is the EA since they are depende
the quality of the virtual orbitals, and can undergo so
further change upon inclusion of diffuse basis functions. W
examine this point by performing the CIS calculations for t
oligomer ~containing two C4H2 units and end groups! with
the 6-31G*, 6-311G*, and 6-3111G** basis sets, and find
that the lowest singlet and triplet excitation energies are
most converged at the 6-31G* basis set. Singlet energies a
4.88, 4.74, and 4.74 eV and triplet energies are 2.31, 2
and 2.31 eV, respectively, in the order of increasing the b
set size. Therefore the lowest singlet and triplet exciton s
are characterized as valence excited states. It is establi
that TDDFT employing current approximate functiona
~e.g., Slater functional, Becke88 functional, and the com
nations thereof, including B3LYP! tend to give excessively
low excitation energies to some excited states, when the
citation energies are close to or higher than the negativ
the HOMO energy. This is a consequence of the fact t
these functionals give rise to an exchange~exchange-
correlation! potential that decays too rapidly~exponentially
as opposed to the correct2r 21 behavior! in the asymptotic
region.79–81 For PDA, the negative of the HOMO energy
considerably higher than the excitation energies, so
problem will not manifest itself.

First, we note that both CIS and TDDFT with th
B3LYP functional properly account for the positive excito
binding energies, i.e.,Eg minus the vertical excitation ener
gies to excitons, for both the singlet and triplet excitons. T
CIS/6-31G* yields the lowest excitation energy to the sing
exciton~3.7 eV! which is much higher than the experiment
value ~;2.0 eV!. Considering thatEg computed by the
HF/6-31G* is higher than the experimental data by as mu
as 5.6 eV, the error~1.7 eV! in the CIS/6-31G* excitation
energy to the singlet exciton appears to be moderate.
may be ascribed to the inadequacy of the basis set;
electron-attached state of PDA may be much more diff
than the valence excited state. The TDDFT calculations w
the B3LYP/6-31G* model apparently provide much im
proved excitation energies. The calculated excitation ene
to the singlet exciton~1.4 eV! is lower than the experimenta
value ~;2.0 eV!, but the agreement between these two v
ues is remarkably better than that between the CIS and
perimental result. The singlet exciton binding energy o
tained from the B3LYP/6-31G* calculation is 0.3 eV, which
compares well with the experimental value~0.4 eV!. It was
shown that TDDFT employing such pure exchange functi
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als such as Slater and Becke88 functionals is not capab
reproducing a nonvanishing exciton binding energy for so
polymeric systems~e.g., polyethylene!.32 This phenomenon
is traced back to the incorrect asymptotic behavior or inco
plete cancellation of the self-interaction energy in these p
exchange functionals. TDDFT employing hybrid functiona
such as B3LYP suffers less from this problem owing to t
fraction of the HF exchange in the functional, which is rem
niscent of the slightly better description of Rydberg sta
provided by hybrid TDDFT than that by pure TDDFT.79,81

Indeed, mixing of the HF exchange and pure exchange fu
tional seems responsible for the cancellation of errors in
excitation energies between CIS and pure TDDFT, wh
may result in the much better agreement between B3L
and experiment than that between CIS and experiment
PDA. Both of our CIS and TDDFT calculations indicate th
there is a triplet exciton state lying lower than the lowe
singlet exciton state. The excitation energy to the triplet
citon state is about 0.7 eV according to the B3LYP/6-31*
calculation and is consistent with the MPPT~2! result ~0.6–
0.9 eV! with some empirical corrections of the polarizatio
effects.9

Figure 4 plots the excitation energies to the lowest s
glet and triplet excited~exciton! states of oligomers and o
an infinitely long chain of PDA computed by the CIS an
TDDFT methods as a function of the inverse of the ch
length. These plots demonstrate that the excitation ener
of oligomers smoothly but rather slowly converge at the li
iting values obtained from the CO or periodic DFT calcu
tions. The excitation energies exhibit an approximately lin
behavior with respect ton21 ~n: the number of C4H2 units!,
which may be interpreted in terms of the terminal effe
Unlike the total energy, from which the terminal effect ca
be rather neatly eliminated by taking the energy differen

FIG. 4. The excitation energies to the lowest-lying singlet~closed diamond!
and triplet~open diamond! exciton states of PDA plotted as a function of th
inverse of the number of C4H2 units ~n! calculated at the CIS/STO-3G an
B3LYP/STO-3G levels. The left most plots correspond to values for
infinite polymer.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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between oligomers of different chain lengths~as the total
energy is an extensive property and can be added or
tracted!, it is not straightforward to remove the terminal e
fect from the excitation energy, which is an intensive pro
erty. Thus for the excitation energy calculations, metho
based on CO theory or periodic DFT will be particular
effective compared with the oligomer extrapolation tec
nique.

IV. CONCLUSION

In this article we present a comprehensive theoret
account of one of the experimentally best-characterized p
meric systems, i.e., polydiacetylenes. Complete geom
optimizations are followed by the vibrational frequency c
culations for all thek50 modes at the HF and B3LYP leve
for PDA. From these calculations we find that the HF a
particularly the B3LYP calculations with an appropriate b
sis set provide satisfactory results for the geometrical par
eters and vibrational frequencies of PDA, which comp
well with the corresponding experimental data. We comp
the relative stability of PDA and PBT and the potential e
ergy curve along the transition between PDA and PBT at
HF, B3LYP, and MBPT~2! levels. Two minima are found
only at the HF level of theory with the relative stability of 5
kJ/mol21 favoring the PDA structure. No minimum is foun
for the PBT structure at the MBPT~2! and B3LYP level of
theory.

The IP and EA of PDA are calculated at the HF, B3LY
and MBPT~2! levels. Koopmans’ approximation with th
6-31G* basis set tends to overestimate the IP and excess
underestimates the EA. Inclusion of the electron correlat
by MBPT~2! improves the IP and EA obtained from the H
calculations significantly, but there still remain substan
errors between the calculated and experimental values
contrast, the B3LYP/6-31G* provides reasonable values
IP and EA as the negatives of the HOMO and LUMO en
gies, respectively. The calculated IP and EA are 4.8 and
eV, respectively, which compares relatively well with th
corresponding experimental values, 5.2–5.8 and 3.1–3.4

We also compute the vertical excitation energies to
lowest singlet and triplet exciton states by CIS and TDD
with the B3LYP functional. Both the CIS and TDDF
~B3LYP! methods are capable of accounting for the bind
energies of excitons, i.e., the nonvanishing energy dif
ences betweenEg and the excitation energies. Th
CIS/6-31G* excitation energy to the singlet exciton~3.7 eV!
is noticeably higher than the experimental value~;2.0 eV!,
but the magnitude of the error is modest considering
error in the band gap between the HF/6-31G* result and
experiment. The overestimation may be interpreted as
indication of the greater significance of diffuse basis fun
tions in the accurate computation of EA than in that of ex
tation energies to the valence exciton states. The TDD
method with the B3LYP functional again provides a reas
able excitation energy to the singlet exciton~1.4 eV!. The
calculated exciton binding energy~0.3 eV! compares well
with the experimental value~0.4 eV!.

We find that the DFT with B3LYP functional provides
rather well-balanced description of the geometries, vib
Downloaded 26 Sep 2005 to 128.227.192.244. Redistribution subject to A
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tional frequencies, energetics, IP, EA,Eg , and excitation
energies. The B3LYP functional was originally designed
predict the thermochemical quantities accurately, and he
the good results obtained from the present B3LYP calcu
tions for the energetics, geometries, and vibrational frequ
cies, which are associated directly with the total energ
attest to the fact that the functional is quite effective not o
for small molecules but also for infinitely extended syste
such as polymers. However, this hybrid functional appear
provide much better descriptions also for the IP, EA,Eg ,
and excitation energies than HF~CIS! or DFT using pure
exchange-correlation functionals. The agreement betw
the B3LYP and experimental results may, in many cases
traced back to the cancellation of errors between the HF
DFT portion of the hybrid functionals, but this cancellatio
seems to occur systematically across different properties
this view, it would be interesting to design a hybrid fun
tional on the basis of not only the thermochemical quantiti
but also IP, EA,Eg , and excitation energies across differe
molecules and polymers.
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21J. M. André, J. Chem. Phys.50, 1536~1969!.
22M. Kertész, Adv. Quantum Chem.15, 161 ~1982!.
23J. Ladik, Quantum Theory of Polymers as Solids~Plenum, New York,

1988!.
24J. Delhalle, L. Piela, J.-L. Bre´das, and J.-M. Andr´e, Phys. Rev. B22, 6254

~1980!.
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40W. Förner, R. Knab, J. Cˇ ı́žek, and J. Ladik, J. Chem. Phys.106, 10248

~1997!.
41S. Hirata, M. Tasumi, H. Torii, S. Iwata, M. Head-Gordon, and R.

Bartlett, POLYMER version 1.0, 1999.
42A. D. Becke, J. Chem. Phys.98, 5648~1993!; A. D. Becke, Phys. Rev. A

38, 3098~1988!; C. Lee, W. Yang, and R. G. Parr., Phys. Rev. B37, 785
~1988!.

43W. J. Hehre, R. F. Stewart, and J. A. Pople, J. Chem. Phys.51, 2657
~1969!.

44W. J. Hehre, R. Ditchfield, and J. A. Pople, J. Chem. Phys.56, 2257
~1972!.

45P. C. Hariharan and J. A. Pople, Theor. Chim. Acta28, 213 ~1973!.
46J. S. Binkley, J. A. Pople, and W. J. Hehre, J. Am. Chem. Soc.102, 939

~1980!.
47P. Császár and P. Pulay, J. Mol. Struct.114, 31 ~1984!.
48D. I. Bower and W. F. Maddams,The Vibrational Spectroscopy of Poly

mers~Cambridge University Press, Cambridge, 1989!.
49M. Levy, J. P. Perdew, and V. Sahni, Phys. Rev. A30, 2745~1984!.
50C. O. Almbladh and U. von Barth, Phys. Rev. B31, 3231~1985!.
51E. R. Davidson, J. Comput. Chem.17, 87 ~1975!.
52J. Olsen, H. J. Aa. Jensen, and P. Jørgensen, J. Comput. Phys.74, 265

~1988!.
53J. B. Foresman, M. Head-Gordon, J. A. Pople, and M. J. Frisch, J. P

Chem.96, 135 ~1992!.
54H. Weiss, R. Ahlrichs, and M. Ha¨ser, J. Chem. Phys.99, 1262~1993!.
55R. Bauernschmitt, M. Ha¨ser, O. Treutler, and R. Ahlrichs, Chem. Phy

Lett. 264, 573 ~1997!.
56H. Teramae, Theor. Chim. Acta94, 311 ~1996!.
57The ACES II program is a product of the Quantum Theory Project, Univ

sity of Florida, J. F. Stanton, J. Gauss, J. D. Watts, M. Nooijen, N. Oli
ant, S. A. Perera, P. G. Szalay, W. J. Lauderdale, S. R. Gwaltney, S
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