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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 acetyleni¢PDA) and butatrieniqPBT) structures are studied by a seriesatif 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—Fdel) and Becke3-Lee-Yang-Pa(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 thedBPT(2)] levels. All these calculations predict PDA

to be more stable than PBT by 28-87 kJ molA minimum corresponding to the PBT-like
structure is found at the HF level, but not at the B3LYP or MBBTlevel. 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 cri’ of the measured frequencies of resonance Raman bands, when the former
values are scaled by a uniform scale factor of 0.96. The ionization potéiffjaklectron affinity

(EA), and fundamental band gag{) of PDA are calculated at the HF and B3LYP levels and also

at the MBPT?2) level employing the quasiparticle formalism. B3LYP/6-31@rovides the most
reasonable IP, EA, arfy, 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/64Db@ides a value

(0.3 eV that is in good agreement with experimgiit4 eV). © 2001 American Institute of
Physics. [DOI: 10.1063/1.1368136

I. INTRODUCTION lower than these strong* < transitions. Raman spectros-

) _ o copy with the excitation laser wavelength tuned into reso-
Polydiacetylenéshave two unique characteristictl)  nance with ther* — transition selectively probes the vibra-

They have fully conjugatedr electrons and?) they can be tjonal normal modes of carbon backboridsOn the other
prepared in single crystal forms when hydrogen atoms on thgang, it is not straightforward to extract electronic and struc-

carbon backbones are substituted with appropriate sidg,ra information about the carbon backbone from photoelec-

groups. These unique characteristics make these polymegs, spectré or infrared spectr,due to the manifold of
ideal systems for experimental investigations and may faciliygnds associated with the side groups in these spectra.

tate commercial applications. By choosing different side A considerable number of theoretical studies have been
groups, one may alter the backbone geometries slightly anlqeported on polydiacetylenes. Among them, a study by

thereby control some important chemical and physical propg arpferf offers a comprehensive theoretical account of many

erties of the polymers which are associated with the conjuygnerties of the polymers in their ground electronic states.

gated electrons. For example, one can synthesize the polyye carried outab initio Hartree—FockHF) crystalline or-

diacetylenes with an acetylenic backbone structure or thosg;i (CO) calculations with the STO-3G ancs3p/3s basis
with a butatrienic backbone structufsee Fig. 1, and the  geq for the acetylenic and butatrienic structures of unsubsti-
electronic structures and associated properties would diffgf 1o polydiacetylenéhereafter simply referred to as PDA
accordingly. Despite the presence of bulky side groups, ongnq ppT, respectivelyand obtained optimized geometries,
is still able to study the properties arising primarily from the .| tive stability of these two isomers, energy band struc-
conjugatedw electrons selectively by a number of experi- y,re5 and some selected force constants. Although the cal-
mental methods. Optical absorption spectrosépyakes it ¢ jations employed the first neighbor approximation for the
possible to measure the strond —m transition associated |attice summations and small basis sets, this study provided
with the backboner electrons and also the excitonic transi- 5),aple qualitative information about the structural and en-
tions which primarily involve backboner electrons but lie ergetic properties of the polymer. The next contribution was
made by Suhal,who incorporated the effects of electron
dElectronic mail: bartlett@qtp.ufl.edu correlation via second-order many-body perturbation theory
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FIG. 1. Structures of the polydiacetylene polymer
chains. (@) An acetylenic structure(PDA). (b) A
butatrienic structur¢PBT).

[MBPT(2)]***2into the ab initio CO calculations. He ob- versatile CO program packag&s*~**and the results ob-
tained the total and relative energies, quasiparticle energgained from them may be directly compared with the results
bands, and excitation energies to the lowest-lying singlet andf molecular orbitalMO) calculations of oligomers obtained
triplet excitons for PDA and PBT using STO-3G and from any available MO program packages for the same basis
6-31G™ basis sets. The excitation energies were calculatedets.
with some semiempirical consideration of the screening ef- In light of these advances, we consider it important to
fects of electron—hole interaction, providing reasonableapply modermab initio CO and periodic LCAO DFT meth-
agreement with the available experimental results. Periodiods to polydiacetylenes, which are one of the experimentally
density functional theoryDFT) calculations employing the best-characterized polymers. Such an application will not
Xa functional were performed on unsubstituted polydiacety-only provide detailed electronic and structural information
lenes by Boudreaux and Chariédn contrast to the above- about theser-conjugated polymers that may not be obtained
mentionedab initio CO calculations, these DFT calculations from experimental studies, but also help to better estimate
failed to provide a qualitatively correct description of the the performance of the methods for infinitely extended sys-
structural and energetic properties of polydiacetylenestems. In this study we perform a seriesatf initio CO and
which may be consistent with a similar failure encounteredperiodic LCAO DFT calculations for the ground and excited
in the application of local DFT to polyacetylen¥s® states of polydiacetylenes, and compare the results among
The last 15 years have witnessed a significant advance ithemselves and against some available experimental data.
the ab initio CO theory and periodic linear-combination-of- Our study is, therefore, along the same direction pursued by
atomic-orbital(LCAO) DFT of polymers?®-23A robust lat-  Karpfen, Suhai, and others. However, besides the fact that
tice summation scheme, based on the so-called Namur cutoffur ab initio CO and periodic LCAO DFT calculations are
criterion and the multipole expansion technique, has beeon an equal footing with thab initio MO and LCAO DFT
proposed by Delhalle and coworkéfs?® and has made it calculations on oligomers, they also offer several new con-
possible to routinely obtain precise total HF energies of in4ributions. (1) First, we perform a complete geometry opti-
finite polymers with polar unit cells. Analytical gradients of mization of an infinite chain of PDAand of PBT, when it
the HF energy have been formulated and implemented foexistg with the only constraint arising from the assumption
infinite polymers by Teramae and coworkérand have been of the C,, symmetry of the polymer. The calculations are
employed to determine the optimized geometries and vibraearried out efficiently with the aid of the analytical energy
tional frequencies of infinite polymers efficiently. This has gradient technique foab initio HF CO theory and periodic
been extended to LCAO DFT for infinite polymers employ- DFT employing the Becke3-Lee-Yang-P4B3LYP) hybrid
ing local, gradient-corrected, and hybrid functionals byfunctional.(2) On the basis of these optimized geometries,
Hirata and lwat&® Sun and Bartlett have computed the total we compute the relative stability of the two isomers. Poten-
energie®’ and quasiparticle energy bariisf infinite poly-  tial energy curves along the structural transition between
mers at the MBP{R2) level by carefully examining the en- PDA and PBT are also obtained at the HF, B3LYP, and
ergy convergence with respect to the lattice summationdVIBPT(2) levels.(3) We then compute the frequencies of the
Excited-state calculations of polymers have also been madefrared- and Raman-active vibrational modes of the infinite
possible with configuration interaction singlé€1S),°31%2  PDA chain at the HF and B3LYP levels at their respective
time-dependent HF (TDHF),3*% time-dependent DFT optimized geometries. The force constants in the Cartesian
(TDDFT),*? and some approximate many-body Green’s-coordinate basis required in the normal coordinate analysis
functional (MBGF) theories® by employing an efficient di- are obtained by numerical differentiation of analytical energy
rect Cl algorithm and a robust lattice summation schemegradients with respect to geometrical displaceme#isThe
These and other methods have been implemented into sonnization potential(IP) and electron affinitf EA) of PDA
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are also computed in three different approaches: HFPBT-like structure with the B3LYP functional turned unsuc-
B3LYP, and MBPT2). The ab initio HF CO method and cessful, meaning that PBT is located either at a very shallow
periodic B3LYP DFT provide their IP’s and EA’s as the local minimum or at a shoulder in the potential energy hy-
negative of the highest occupied orbittdlOMO) and lowest  persurface. The geometry optimization procedure is based on
unoccupied orbitalLUMO) energies, respectively, within a simple steepest descent algorithm with the geometry direct
Koopmans’ theorem(or its analogy to DFT. Correlation inversion in the iterative subspa¢&DIIS) extrapolation of
corrections to Koopmans’ IP and EA are computed with theCsaza and Pulay*’ For infinitely extended systems, the
MBPT(2) quasiparticle method. The fundamental band gapinfrared- and Raman-active vibrational modes correspond to
which corresponds to the IP minus EA, is also obtained athe in-phaseK=0) motion of nuclel* We compute the fre-
the HF, B3LYP, and MBP®) levels.(5) The vertical exci- quencies of these infrared- and Raman-active Q) vibra-
tation energies to the lowest singlet and triplet excitons otjonal modes by a normal coordinate analysis with the force
PDA are also computed by the configuration interactionconstants calculated at the HF and B3LYP levels. The force
singles(CIS) method and by time-dependent density func-constants are obtained by numerical differentiation of ana-
tional theory (TDDFT) employing the B3LYP functional. |ytical gradients of the energies with the step size of the
Convergence of the calculated vertical excitation energiepymerical differentiation being 0.02 Bohr. The evaluation of
with respect to the chain length is studied by performingy|| thek=0 Cartesian force constants involves analytical en-
some MO and DFT calculations on oligomers together Witharqy gradient calculations at 15 symmetrically distinct geom-
the CO and periodic DFT calculations on the polymers. Thisyies for each theoretical model. The HF and B3LYP single-
study offers a comprehensive theoretical account of p°|yd"point energy calculations and analytical energy gradient
acetylenes. calculations are performed using a direct algorithm for the
integral evaluation. The potential energy curves of the PDA
Il. METHODS OF CALCULATIONS to PBT transition are computed at the MBRTlevel as well
The geometry optimization of infinite chains of PDA is as at the HF and B3LYP levels with the STO-3G basis set at
performed using analytical energy gradiéftior ab initio  the respective HF/STO-3G optimized geometries. The IP and
HF CO theory and for periodic DFT employing the B3LY%P EA of PDA are computed as the negative of the HOMO and
functional with the STO-3G, 6-31G, 6-3fGand 3-21G LUMO energies, respectively, at the HF and B3LYP levels.
(Refs. 43—4p basis sets. The geometry of PBT is also opti- This treatment can be justified by Koopmans’ theorem for
mized at the HF level with the same series of basis sets. Thine IP and EA of HF and by the theorem proven by Levy,
C,, symmetry of these polymers is assumed, as it is unlikelyPerdew, and SaHffiand by Almbladh and von Barth for
that lifting this symmetry constraint will lead to geometries the IP of DFT. The IP and EA are also computed at the
with lower energies. An attempt to find a local minimum at aMBPT(2) level on the basis of the formufa?®-*

BZ T Tk T
1t it L TS T
€plkp] plkpl T < HF HF _ _HF _ _HAF

p P i ab kjky 6p[kp]+ eb[kb] fi[ki] fj[kj]

BZ 2|(i [ki]p[kp]“ [kj]b[kb])|2_ m[(i[ki]p[kp]“[kj]b[kb])(i[ki]b[kb]“ [kj]p[kp])*]

+EEE HF | JF _ AF _ FF ;
Libkj ok €plkol T €blkp] T €ilkil T Eilkj]
|
wherei andj represent occupied orbitalg, and b virtual EE(FDMO_ EgF< EE[FK <g35MO+ ESF' (3
P

orbitals by convention, and™" and BPT(?) are the orbital
energies of the respective theoretical levels. For the defin\hhere EYF is the HE fundamental band gap. The highest
g .

tion of the wave-vector-dependent twq—electron integralsoccupied and lowest unoccupied HF orbitals are always
see, e.g., Ref. 33. The wave vectors, which are denotdd by within this range and hence Eq4) and(2) are well-defined

satisfy the following relations for our purpose. The MBR®) singlepoint energy calcula-
ommr tions and quasiparticle energy calculations are accomplished
Kptkj=katkpt ——, (1) with disk-based algorithms. The vertical excitation energies
t to the lowest singlet and triplet exciton states of PDA are
ona computed by CI18%*2and TDDFT? using the B3LYP func-
kitkj=kptkp+t -, (2)  tional. We invoke the trial-vector algorithms proposed by
t Davidson® and modified by otheré>°such that the atomic-

whereR; represents the translational period andndn are  orbital (AO)-based two-electron integrals are never stored,
integers. These expressions are well-defined only when thieut recomputed as needed and the transformation of these
corresponding HF orbital energies are in the energy rangategrals from the AO basis to the CO basis is avoitfed.
given by All the ab initio CO and periodic DFT calculations are
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TABLE I|. Optimized geometrical parameters of an infinite chain of polydiacetylene in an acetylenic structure
(PDA) obtained byab initio HF CO theory and periodic DFT employing B3LYP functional. Bond lengths are
given in A and bond angles in degrees.

Theory le=c fe—c fcc Fc-n Ac—c-c Ay_c-c Ac=c-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/3s? 1.194 1.321 1.425 (1.08% (123.9 (115.3 (180.0
Experimerﬂ 1.19 1.36 1.43 121.9 115.8 177.6
Experiment 1.21 1.33 1.44 120.9 120.1 174.4
Experiment 1.21 1.36 1.41

éReference 8. The numbers in parenthesis are not optimized.
PReferences 60 and 61.

‘Reference 62.

YReference 59.

performed with theroLymMER*! program, which employed all correspond to the PDA-like structures. For example, the
the so-called Namur cutoff criteriéh?® for truncating the measured €=C bond length varies in the range of 1.19-1.21
infinite lattice summationgsee Ref. 56 for the performance A,%°-52 depending on the side groups. Similarly, the mea-
of various cutoff criteria The cutoff radius for the short- sured G=C and C—C bond lengths are in the range of 1.33—
range lattice summatior(se., those for the overlap integrals, 1.36 and 1.41-1.44 A respectively, and there is also some
the kinetic integrals, and the overlap-like lattice summationsariation in the experimental results of bond angles.
of the nuclear-attraction and two-electron integradssuffi- The calculated geometric parameters appear to converge
ciently large, so that the lattice sums are practically contapidly with increasing basis set size. The HF/6-31&hd
verged. The long-range lattice summatidns., those for the B3LYP/6-31G" values may be considered to be practically
r» interactions of the nuclear attraction and two-electronconverged with respect to the basis set size and it is possible
integralg are truncated after ten unit cellsne unit cell con-  to draw definitive conclusions on the performance of these
tains four carbon atoms and two hydrogen atbms both  methods on the geometry. Overall, the equilibrium bond
sides of the reference unit cell for the HF, B3LYP, andlengths computed from the HF/6-31@nd B3LYP/6-31G
MBPT(2) calculations. It is generally necessary to take acalculations are in good agreement with the experimental
larger cutoff radius in excited-state calculatidAsWe in-  data. For example, the calculatee=C bond lengths at the
clude 20 unit cells on both sides of the reference unit cell forHF/6-31G and B3LYP/6-31G levels(1.19 and 1.22 Aare
the long-range lattice summations in the CIS and TDDFTconsistent with the measured bond lengthsi9-1.21 A.
calculations. We use 30 evenly spaced wave-vector samplinghe calculated €=C (1.33 and 1.37 A and C-C bond
points for the HF, B3LYP, and MBR®) calculations and 40 |engths (1.43 and 1.40 A at the HF/6-31¢ and
for the CIS and TDDFT calculations. The multipole expan-B3LYP/6-31G levels are also embraced in the range of the
sion technique is not invoked in this study, as the unit cellcorresponding experimental bond lengths. The variation in
does not have a permanent dipole. The HF and B3LYP calthe experimental bond angles is4°. Considering that this
culations on oligomers of PDA are performed by using thevariation likely arises from the effects of bulky side groups
AcEs 1P and Q-cHEM™® programs. The structures of these and their crystal packing, the agreement between the calcu-
oligomers are obtained by simply repeating the optimizedated and observed bond angles is reasonable. We also note
geometries of the unit cell of the infinite chains obtained athat the bond lengths optimized by Karpfen at the
the respective theoretical levels and attaching some appropii4F/7s3p/3s level with fixed bond angles are consistent with
ate end groups. our optimized geometrical parameters obtained at the HF/3-
21G level(the 7s3p/3s basis set is similar to the 3-21G basis
set in size.

As noted by Karpfen and also evident from Table I,
owing to the delocalized nature of the conjugatecelec-

The optimized geometrical parameters and some availtrons, the &&C, C=C, and C-C bonds in PDA assume
able experimental data of PDA are presented in Table I. Theubstantial &C, C-C, and €&=C bonding character, re-
experimental data were obtained for substituted polydiacetyspectively. For example, the calculated and observesCC
lenes in PDA-like structures, and hence may not be combond lengths of PDA are appreciably longer than the isolated
pared straightforwardly with the calculated results for unsub{nonconjugateddC=C bond in acetylenél.17 A), indicating
stituted PDA. Indeed, the polydiacetylenes with differentthe appreciable £-C bonding character in the former. Like-
side groups have slightly different geometries, although thewise, the G=C and C-C bonds of PDA are longer and

IIl. RESULTS AND DISCUSSION

A. Equilibrium structure
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TABLE Il. Optimized geometrical parameters of an infinite chain of polydiacetylene in a butatrienic structure
(PBT) obtained byab initio HF CO theory. Bond lengths are given in A and bond angles in degrees.

Theory l'ce=cc fcc Mie=cc Fcon ac_c=c ay_c=c ac—c—c
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/3s? 1.248 1.468 1.319 (1.087 (123.9 (119.9 (180.0
Experimerﬁ 1.29 1.42 1.38 119.2 116.0 177.2

éReference 8. The numbers in parenthesis are not optimized.
PReference 63.

shorter, respectively, than the=6C bond in ethylend1.31  lengths by 0.03-0.06 A. The larger deviation between the
A) and the C—C bond in ethari#.54 A). In the language of calculated and measured geometric parameters of PBT may
valence bond theory, the electronic structure of PDA is gpartly be ascribed to the effects of bulky side groups and of
mixture of the two valence bond structures, the PDA typecrystal packing on the experimental result. These effects are
and the PBT type, depicted in Figs(al and Xb), respec- probably greater on PBT structures than on PDA structures
tively, with the PDA-type structure being dominant. Even atbecause it is the bulky side groups that prevent PBT, which
the HF level, in which the electron correlation effects are notis a local minimum, from relaxing to PDA, which is the
taken into account, the ground-state wave function of PDA igjlobal minimum, in the course of polymer synthesis and
a mixture of these two valence bond structures, and hence d@rystallization. However, for the same reason that PBT is a
properly accounts for the mixed single, double, and triplelocal minimum, the accurate description of the potential en-
bond orders in PDA. As the electron correlation effects areergy hypersurface near PBT will be computationally de-
taken into account, the ground-state wave function of PDAmanding, and it is possible that the HF description of PBT is
will have an increased proportion of the PBT-type valenceslightly worse than that of PDA. Nevertheless, in spite of the
bond structure. This may be understood by remembering thabove-mentioned deviation, the calculations reproduce the
the HOMO has the PDA-type bonding pattern and thebonding pattern and other qualitative structural characteris-
LUMO has the PBT-type bonding pattern and the inclusiontics of PBT correctly. We add that our optimized geometries
of electron correlation effects amounts to including the de-of PDA and PBT at the HF/6-31G level are in excellent
terminants, in which electrons are promoted from the HOMOagreement with those obtained from an oligomer extrapola-
to the LUMO. Thus we can expect that thesC bond will  tion method employing an independent progfédm.
have greater £€-C bond character and likewise the=£C
and C—C bonds will have greater C—C ang=C bond char-
acter, ongoing from HF to a correlated method. Indeed, w
observe the expected changes in the CC bond lengths ongo- Figure 2 is a plot of the potential energy curves along the
ing from the HF to B3LYP results, although the latter is notPDA to PBT transition at the HF level with the STO-3G,
a conventional wave-function-based correlation treatment3-21G, 6-31G, and 6-31Gbasis sets. The horizontal axis
For example, E=C and G=C bonds lengthen by-0.03 A,  (A) refers to the fraction of the PBT structural parameters.
while the C—C bond shortens by0.03 A, ongoing from the Geometrical parameters are generated by linear interpolation
HF to B3LYP method. Essentially the same phenomenormf the optimized PDA and PBT structures to calculate the
has been observed in the optimized geometries opotential energy curve. The calculations are performed at
polyacetylenes? This phenomenon also manifests itself in being equal to 0.QPDA), 0.2, 0.4, 0.6, 0.8, and 1.(®BT).
the calculated vibrational frequencies and is discussed iWe do not obtain a converged result A&0.8 with the
Sec. llIC. 3-21G basis set because of the oscillations of the density
In Table Il we list the geometric parameters of PBT matrix between the PDA-like and PBT-like electronic con-
optimized at the HF level with different basis sets. Thefigurations. In other words, there is a HOMO-LUMO cross-
B3LYP calculation failed to locate a local minimum of PBT, ing aroundA=0.8 in the HF/3-21G curve as previously sug-
details of which are discussed in Sec. IllB. We again ob-gested by Karpféhand by Whangbet al®®
serve that the optimized geometries of PBT exhibit rapid  Karpfen calculated a potential energy curve along the
convergence with respect to the basis set size and hence tR®A to PBT transition using the STO-3G basis set within
HF/6-31G" result is considered to be sufficiently close to thethe first- to third-neighbor approximations and using the
HF limit. We also note that the optimized geometry of Kar- 7s3p/3s basis set within the first-neighbor approximation.
pfen obtained from the HF$Bp/3s calculation is consistent His result is consistent with ours; the relative stability of
with the result of our HF/3-21G calculation. From Tables | PDA over PBT at the HF/STO-3G level is 83.7 kJ/mbby
and Il we find that the agreement between the calculated andarpfen and is 87.0 kJ/mot from our calculation which
measured geometric parameters is less satisfactory for PBilicludes ten neighbor unit cells. The relative stability at the
than for PDA. For example, the calculations tend to underHF/7s3p/3s level is 50.2-4.2 kJ/mol'! (Karpfen, which
estimate €=C bond lengths and overestimate the C—C bonccompares well with our HF/3-21G result, 48.2 kJ/iolThe

g. Energetics

Downloaded 26 Sep 2005 to 128.227.192.244. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 114, No. 20, 22 May 2001 Polydiacetylene 9135

100.00 T T T P T 11000 T T T T
80.00 | (a) STO-3G *
60.00 | . : %0.00- () HF
40.00 | ] 70.00 @PDA N
20.00 | ¢ 8
.00} <>PBT -
coof e ° . 50.00F [©
g 70.00 30.00 o 1
£ b) 3-21G A
3 50.00 | ®) o ] 5 10000 ° 7
= £
3 90.00 . 1 iy -10.00 L L L L
o 2
= 10001 . ] - 110.00 T T T T
S . 3 (b) MBPT(2)
g 90.00 |- <&
2 70.00 ———F———— et 500°°
> c)6-31G ‘= 7000 |- -
2 50.00 © e o 5 @PDA .
o @ 5000 |CPBT [ 1
(0] L ] [ ]
30.00 . o °
2 > 3000 o® ]
T 1000} . 1 =) o
2 o« ° Q1000 - .
70.00 T ) p ° ? 1 .
(d) 6-31G(d) . o -10.00
50.00 | o =
© 110.00 T T T T
L —
30.00 b [
. o 900} (c) B3LYP .
10.00 « ° ] 70.00 |- .PDA B
00 02 0.4 06 08 1.0 50.00 |- (>PBT .
A 30.00 | .
FIG. 2. The ground-state potential energy curves along the structural tran- 10.00 k- i
sition between PDA and PBT computed at the HF/STO-3G, HF/3-21G, : X
HF/6-31G, and HF/6-31G A=0 corresponds to the PDA structure and -10.00 PY a L I
A=1 to the PBT structure optimized at each basis set. The total energy of 0.0 0.2 0.4 0.6 0.8 1.0
the PDA at each basis set is taken as the reference energy. A

FIG. 3. Potential energy curves along the structural transition between PDA
and PBT computed at the HF/STO-3G, B3LYP/STO-3G, and M@HT
energy barrier for the PDA to PBT transition appears to beSTO-3G levelsA=0 corresponds to the PDA structure ake 1 to the PBT
only slightly larger than the relative energy. In other words,Structure optimized at HF/6-31G The total energy of the PDA at each
LS . theoretical level is taken as the reference energy. The black closed circle
the minimum for the PBT structure is very shallow toward it are energy of PDA type wave function and open diamond plots are
PDA. A rough estimate of the energy barrier relative to PDAenergy of PBT wave function.
is obtained as the energy difference betwen0 and
A=0.8, and is 60 kJ/mof* at the HF/6-31G level. Though
the geometry optimization of the transition state would lowerresults. Interestingly, we obtain a converged relative energy
the barrier, this value is consistent with an experimental findalready with the 3-21G basis set, which is usually too small
ing by Wegner who reported that the experimental energyin molecular calculations. This is one of the characteristics of
barriers were between 58-97 kJ/mbldepending on side the calculations of infinitely extended systems. As the tails of
groups. Suhdialso reported the relative stability at the HF the basis functions from the neighbor unit cells can contrib-
and second-order Magller—Plesset perturbation theoryte to the central unit cell, the description of the long range
[MPPT(2)] levels using the STO-3G and 6-31Gbasis sets. region of the basis functions in the central unit cell is well-
His calculated values 47.8, 37.0, 34.4, and 24.0 kJ/fhol complemented by basis functions of the neighbor unit cells,
for HF/STO-3G, HF/6-31&, MPPT(2)/STO-3G, and making the calculations converge to the basis set limit rap-
MPPT(2)/6-31G™ are significantly lower than ours. Since idly.
geometries in his calculations were taken from experimental  Figure 3 is a plot of the potential energy curve along the
structures of substituted polydiacetylenes and the calcule?DA to PBT transition computed at HF/STO-3G, MBRWV
tions were performed by simply substituting side groups bySTO-3G//HF/STO-3G, and B3LYP/STO-3G//HF/STO-3G
hydrogen atoms, the PDA-like and PBT-like structures usedevels. TheA between 0.6 and 1.0 are taken at a 0.02 step
were not at the minima of the potential energy surface. size in HF and B3LYP calculations. Each energy calculation
The relative stability calculated with the STO-3G basisis performed with an initial density as one that is converged
set is substantially larger than the value obtained with 3-21Gin a previous geometry so that we stay on the wave function
6-31G, and 6-31&basis set$48.2, 49.5, and 49.4 kJ/md, of interest. The MBPTR2) energy calculation is performed at
respectively. These numbers seem to be converged with reA equal to 0.60, 0.66, 0.70, 0.74, 0.78, 0.82, 0.86, 0.90, 0.94,
spect to the basis set size and are considered as the HF linsihd 1.00 as well as 0.00, 0.20, and 0.40. Notice that the
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TABLE Ill. Frequencies ok=0 vibrational modegin cm™?) of an infinite chain of polydiacetylene in an acetylenic struc(@BA).

HF B3LYP
Mode Experimerit STO-3G 3-21G 6-31G 6-31G STO-3G 3-21G 6-31G 6-31G
ag v 3710 3351 3361 3374 3422 3159 3167 3165
vy 2098 2771 2501 2486 2494 2350 2204 2188 2176
Vs 1490 1960 1783 1801 1806 1633 1532 1549 1540
va 1204 1526 1468 1467 1445 1370 1323 1328 1305
vs 955 1077 1050 1043 1023 967 957 958 945
ve 535 528 502 475 436 417 416 415
by vy 3694 3359 3366 3378 3418 3170 3176 3173
vg 1503 1455 1458 1431 1407 1383 1402 1395
Vg 1381 1313 1347 1321 1307 1298 1302 1269
10 500 496 490 477 454 454 452 447
a, v 1189 1116 1117 1099 1028 983 989 972
V1o 504 487 486 470 431 420 428 424
by Vi3 1022 1055 1039 971 865 890 903 858
Vs 522 606 581 488 436 463 471 467

®Reference 68.

inclusion of electron correlation alters the shape of the pocell of PDA belongs to the&C,y, point group. Among them,
tential energy curves qualitatively. The B3LYP does not pre-only some of thea, vibrations are unambiguously assigned
dict a double minima corresponding to PDA and PBT, butto the observed band8as they give rise to intense bands in
only a single minimum at the PDA structure. There is aresonance Raman spectra with the incident laser wavelength
shoulder where PBT would have been expected. Likewisguned into resonance with the* < electronic transition.
MBPT(2), though a strong function of its HF reference, still Thesea, vibrations involve, to a varied degree, the stretch-
predicts a flatter PDA potential curve, and the ground-staténg and bending motion of the carbon backbone and strongly
curve exhibits a discontinuity where the HF curves cross. Irmodulate them-electronic structure of PDA. Infrared spec-
both correlated treatments, the sign of the slope in the PBroscopy, on the other hand, tends to provide complex spec-
wave-function curves is reversed from that of the HF curvetra that are dominated by the bands from the side grfﬁups,
From these results we conclude that electron correlatio@nd it is not straightforward to identify the bands associated
strongly disfavors the PBT structure. However, consideringyith the PDA carbon backbone.

the fact that the basis set employed here is small and the The calculated frequencies converge with respect to the
geometry is not optimized at each point of the potential enpasis set size smoothly and rather rapidly at the correspond-
ergy curves, the reliability of the MBRZ)/STO-3G and  jng |imiting values. As is well-known, these calculated fre-
B3LYP/STO-3G results must not be overrated. There argyencies obtained from the HF and B3LYP calculations are
some experimental ddfathat indicate the existence of a pigher than the observed frequencies. Universal scale factors
PBT minimum on the potential energy surface, which mightyere determined by Scott and RadSrand by Wong® from

be partly due to polydiacetylene having bulky side groups. Iy jeast.squares fitting procedure to a set of a large number of
is also possible that the MBRZ)/STO-3G and B3LYP/ c5icyjated and observed frequencies. They are 0.9B28
STO-3G potential energy curves, which do not have a PBTgg) o 0.9614(Ref. 70 for the B3LYP/6-31G and 0.8953
minimum, are qualitatively wrong, or qualitatively different, (Ref. 70 for the HF/6-31G. Scaling the frequencies of PDA
from curves which would be obtained with the optimized obtained from the B3LYP/6-31Gcalculations by the rec-
geometry at each point that corresponds to a theoretical level | 1o scale fact¢0.9614, we find that the calculation
using large basis sets, although this does not appear IikeI%tnd experiment agree with each other reasonably well. The
Note that pure DFT calculations fail to describe the potentlalscaled B3LYP/6-316 frequencies are 2092, 1481, 1255,

energy curve along the bond alternation coordinate qualitaé1nd 909 cm’ for the observed banffsat 2098. 1490. 1204

tively correctly”’ and 955 cm?, respectively. The agreement is less satisfac-
o , tory for the HF/6-31& frequencies after they are scaled by
C. Vibrational frequencies 0.8953. The scaled HF/6-3f¥Grequencies are 2233, 1617,
For an infinite crystalline system, the vibrational modes1294, and 916 cim. The scaled calculated frequencies for
which give rise to infrared and Raman bands occur at the’, and v3 modes are significantly overestimated and the de-
center k=0) of the Brillouin zone of the phonon dispersion viations are as large as120 cm %, indicating that the raw
curves, owing to the momentum conservation f&Whe cal-  HF frequencies ofr, and v; of PDA are particularly over-
culated harmonic frequencies of all the=0 vibrational estimated relative to the other raw HF frequencies. We be-
modes of PDA obtained from the HF and B3LYP methodslieve that this is not accidental, as a similar trend has been
are given in Table Ill. The vibrational modes are categorizedbserved for another important conjugateeelectron poly-
into a4, by, a,, or by irreducible representations as the unit mer, i.e., polyacetylen€:’? It has been found that the elec-
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TABLE IV. The ionization potentialIP), electron affinity(EA) and band  optimized geometries of the respective models and the
gap ) (in eV) of an infinite chain of polydiacetylene in an acetylenic MBPT(2) level with the STO-3G, 3-21G, and 6-31G basis

structure(PDA). The IPs and EAs are calculated at the HF and B3LYP ts at the HE timized tri fth ti basi
levels at the respective optimized geometries as the negatives of the highe%? S at the opumized geometries o € respective basis

occupied and lowest unoccupied orbital energies, respectively, according 8€tS. The IPs calculated at the HF leviet., by Koopmans’
Koopmans’ theorem and its DFT variant. The MBRJTcalculations of the  approximation appear converged at the limiting value of 7.3

IPs and EAs are based on the HF optimized geometries and the frozen coga\/. \We consider that the inclusion of diffuse basis functions
approximation. The fundamental band gaps corresporitPtoEA). would lead to only a slight chang(m the order of a few

P EA E, tenths of an electron voltin the calculated IPs for the fol-
lowing two reasons. First, this ionization process involves

EE;?TZ?SG ?:25 :g:zg’ 3:% fthe HQMO, which is expected to have valer_1ce charac_ter and
HF/6-31G 718 ~0.50 7.68 is spatially compact, and hence the 6-31lGasis set provides
HF/6-31G 7.33 -0.67 8.00 a reasonably good description of the process. Second, we
B3LYP/STO-3G 3.39 0.86 253  have calculated the IPs of an oligomer of Pe®nsisting of
Sgtigg:gig j-gi gig i;g two C4H, unit cells plus some appropriate end grougisthe
B3LYP/6-31C" 483 315 168 HF level across the 6-3IG 6-31+G*, and 6-3%+G**
MBPT(2)/STO-3G 549 ~353 9.03 basis sets. We found that the difference in the calculated IP’s
MBPT(2)/3-21G 6.75 0.70 6.05  between the 6-31Gand 6-31-+G** basis sets is 0.19 eV,
MBPT(2)/6-31G 6.54 0.65 5.89  which we consider to be reasonably small.

Experiment 5501 52£0.1 58 3.1:0.1"34 -~2.4 The IP calculated at the HF/6-31G7.33 e} is notice-
aReference 76. ably larger than the experimental values, which are in the
*Reference 75. range of 5 to 6 eV*~"®Ongoing from the HF to MBP®R)
“Reference 74. level, the calculated value of the IP shifts toward the direc-

tion of the experimental value. The IP calculated at the
MBPT(2)/6-31G level is 6.53 eV, which is more than 0.7 eV

higher than one of the experimental values, but the inclusion
of electron correlation at this level accounts for a respectable

mode” (Ref. 71 or “bond order alternating mode’(Ref. . e i .
. . . . ortion of the deviation between the Koopmans’ and experi-
72), which gives rise to an intense Raman band, and that th o o .
mental IPs. Part of the remaining deviation may be ascribed

HF frequencies of this mode tend to be excessively OVEIeSH the polarization or screening effects in the actual three-

timated even after the simple scaling procedure proposed b mensional polvdiacetviene crvstale’®which are expected
Pulay” Since the in-phase-£C stretching mode is a simul- Poly - ystals, P
to lower the IP. Interestingly, a reasonable value of the IP

ﬁg‘;ﬁgg of&tcriigo;:l;r:gtcﬂ ;Snctihg—éé) Obnodn(jihr:é]nii%e grldcthecan be obtained from the B3LYP/6-31@Gnethod(4.83 eV,

antibonding character and the LUMO has the—C anti- which is only 0.4 eV Iower_than one of the experimental
bonding and C—C bonding character, the in-phaseGC values(5.2 eV). As we mentioned already, the HF method

stretching mode strongly couples with the energy levels movgreshmates the ”.D of PDA, Whereas DFT tgnds to undgr-
the HOMO and LUMO. The calculated frequency of this estimate the IP, owing to the unphysically rapid asymptotic

:79=81
mode is particularly sensitive to the treatment of electrondecay of the DFT exchange potentidis™ As the B3LYP

correlation, as the latter includes the determinant in Whicﬁunctional is a hybrid of the HF exchang20%) and other

electrons are promoted from the HOMO to the LUMO into approximate exchange and correlation functionals, this error
the wave function. We consider that the same argument e

JS partly eliminated, making IPs a result of cancellation of a
plains the overestimation of the scaled frequencies,cdind positive error in the HF and a negative error in the DFT. The
v3 of PDA at the HF level. The normal coordinates of these

similar agreement in the IPs between the B3LYP and experi-
modes are along the transition between PDA and PBT, an

Epental results has been observed for trans-polyethiene
hence the vibrational motion along them couples with the?"

tron correlation effect is particularly large on the calculated
frequency of the so-called “in-phase =GC stretching

d trans- and cis-polyacetyleffe.

energy levels of the HOMO, which has the PDA-type bond- The accurate calculations of EAs are generally much

ing character, and of the LUMO, which has the PBT-type™°re demanding than those of IPs. The electron-attached
bonding character. The effect of electron correlation isStates(or the virtual orbitals involvertend to have a large

therefore, significant on the frequenciesof and v5. The spatial spread, and diffuse basis functions would be required
B3LYP method improves the calculated frequenciesvpf 10 describe those states. It is also known that Koopmans’

andv5 remarkably well, as it approximately takes the effectsth€orem performs poorly for EAs. The EA of PDA computed
of the electron correlation into account. by the HF/6-313 method has the wrong sign; the calculated

value is—0.67 eV, whereas the experimental value is 3.1—
3.4 eV/*"®The LUMO of PDA is primarily of valence char-
acter and hence the necessity of diffuse basis functions is
relatively small(e.g., compared with the LUMO of polyeth-
The IP, EA, andEy of PDA calculated by the HF, yleng. Nonetheless, the inclusion of diffuse functions is ex-
B3LYP, and MBPT2) levels are listed in Table IV. The pected to further increase the EA obtained with the 631G
calculations are performed at the HF and B3LYP level withbasis set by 0.51 and 0.69 eV, estimated by the oligomer
the STO-3G, 3-21G, 6-31G, and 6-31Masis sets at the calculations with the 6-3tG* and 6-3% +G** basis set,

D. lonization potential, electron affinity,
and fundamental band gap
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respectively. Thus Koopmans’' approximation excessivelyTABLE V. The vertical excitation energigin eV) to the lowest-lying sin-
underestimates the EA of PDA. The inclusion of e|ectronglet and triplet excitons of an infinite chain of polydiacetylene in an acety-

. . , lenic structure(PDA). Excitation energies are calculated by configuration
correlation at th? M_BP(Q) again cor.rects the Koopmans interaction singleqCIS) on the basis ofb initio HF CO theory and by
EA toward the direction of the experimental data. However time-dependent DFTTDDFT) employing the B3LYP functional at the re-
the calculated value of the EA obtained from the MBBPT  spective optimized geometries.

6-31G level is 0.65 eV, which is still too small compared to

: . ) . Singlet Triplet
experiment even after adding the basis set correction of 0.69 nae e
eV. We also compare the negative of the LUMO energyHF/CIS/STO-3G 5.34 2.28

; P HF/CIS/3-21G 3.68 1.82
obtained from the B3LYP calculatior{g analogy to Koop-

" th for HFwith the experimental EA. The EA HF/CISIE-31G 360 173
mans' theorem P - The EA - ricisie-310 3.69 1.91
from the B3LYP/6-31G method is 3.15 eV, which is in B3LYP/TDDFT/STO-3G 2.5 1.08
good agreement with the experimental values. Although th@&3LYP/TDDFT/3-21G 1.51 0.79
calculated value may change to some extent upon inclusioR3LYP/TDDFT/6-31G 1.45 0.77
of diffuse basis functions and the polarization or screenin 3;;';?;?“’6'31@ 1é4§b 0.68

effects of crystals, it appears to be a considerable improve-
ment over HF or even MBR®2). The much higher value of °Reference 5.
EA in the B3LYP than in the HF, in other words, a much "Reference 86.
lower LUMO energy in B3LYP than in the HF, can be traced

back to the “multiplicative” nature of the exchange poten- may be experimentally measured as-IA. Indeed, the for-

tials of DFT in contrast to the “orbital-dependent” nature of . -
the HF exchange potential. The HF exchange potential for ar';naI theoretical argument indicates that the HOMO-LUMO

occupied orbital comes from thid—1 electrons in all the energy difference in DFT and the experimentg] differ

. . from each other by the so-called “discontinuity
other occupied orbitals, whereas the HF exchange potential 83-85 . -
. . constant. The discontinuity constant accounts for the
for a virtual orbital comes from all thK electrons. The DFT . : . -
ump in the exchange potential upon addition of an electron

gxchange poteqﬂal, which is se!'dom accomplished W'thouto the system, as the exchange potential in DFT itself is an
introducing an “exact exchange” treatméfitpn the other . : ) X
analytic function of electron density and is not normally ca-

hand, is the same for both, if the self-interaction is properlypable of exhibiting such a discontinuity upon increasing the
eliminated. Nonetheless, the virtual orbitals of DFT gener

. . number of electrons. Thus generally, the HOMO-LUMO en-
ally lie lower than those of HF, because an electron in a . usg y

virtual orbital of DFT feels the repulsive interactions from ergy difference in DFT is found to be smaller thelg. The

: lectron than d lectron i irtual orbital ?3LYP functional is a hybrid of HF exchand@0%), con-
one less electron than does an electron in a virtual oroital 0f g g ng) exchange and correlation functionals, and hence
HF. However, the above argument also suggests that it m

not be theoretically justifiable to view the negative of theat¥]e overestimation oE, by HF and the underestimation of
LUMO energy as an approximation to the EA. E4 by pure DFT,. wherg, is approximated as the HOMO-
: LUMO energy difference, partly cancel each other. Conse-
Comp.utano_nally,Eg amounts to the calculated_ value of quently, the HOMO-LUMO energy difference of B3LYP is a
(IP—EA) listed in Table IV for each of .the theoretical mod- reasonable approximation K . It is notable that this hybrid
els employed here. As the HF overestimates IP and undere"g": and DFT method, B3LYP, which was originally de-
timates EA, we expect that it would exce;sively overestimat%igned to reproduce the experimental thermochemical quan-
Eq=IP—EA. Indeed, the HF/6-31G predicts the value of o5 accurately, does not only provide accurate geometrical
E to be 8.00 eV, which is unreasonably larger than an exy, ameters and vibrational frequencies of PDA, but also re-
perimental value(~2.4 e\) obtained for a substituted produces the IP, EAE,, and the excitation energies or ex-

polydiacetylen€? This large error is ascribed to both the ;0 binding energiessee below uniformly better than HF
approximation in the calculatiofinadequacy of the basis set o \gpT(2).

and the neglect of electron correlatjoand the polarization

or screening effects in the actual material. The inclusion of o ] ) )

the effects of electron correlation at the MBRV6-31G  E- Excitation energies to the singlet and triplet

level accounts for a respectable amo(®6%) of the error excitons

between the HF/6-31G and experimental results. However, In Table V we compile the calculated vertical excitation
the calculatede, (5.89 eV is still substantially overesti- energies to the lowest singlet and triplet exciton states of
mated compared with the experimd@t4 eV). The BALYP  PDA. The calculations are carried out at the CIS and TDDFT
calculations again provide the most reasonable rgdui®  (with the B3LYP functional level employing the STO-3G,
eV) of Eg, although it is slightly smaller than the experi- 3-21G, 6-31G, and 6-31Gbasis sets at their respective op-
ment. The agreement is due to the multiplicative nature ofimized geometries. Analogous to polyacetyléh¢he ex-

the exchange potential of DFT, which also leads to a ratheperimental optical absorption band edge of a substituted
good agreement between the calculated and observed EAslydiacetylene is located at2.0 eV>% which is lower
(see above As mentioned earlier, this characteristic of the than the photoconduction threshold 2.4’84nd the photo-
exchange potential, however, suggests that it may not bemission threshold 5.5 e¥/. This result indicates that the
entirely justifiable to consider the energy difference betweeroptical absorption at around 2.0 eV is associated with the
the HOMO and LUMO of DFT as representirtg;, which  singlet exciton states that lie below the conduction band. The
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wave functions of these exciton states are more suitably de- 750 T T T T ry
scribed as a linear combination of several singly substituted 6.0 | (@) HF/CIS i
determinants rather than as one determinant in which an ot *
electron is promoted from the HOMO to LUMO. CIS and > 530 ¢ ** @ Singlet
TDDFT when combined with an appropriate exchange 3 420 b (> Triplet
correlation) functional are among the simplest excited-state 3
methods that allow the singly substituted determinants of o 3101 o]
interacting units to mix and provide an appropriate zeroth- qc, 200 L2 090 © ! ! .
order description of the exciton states. o . S 5.50 — : : : : .
The calculated CIS and TDDFT excnau_on energies = | (b) BLYP/TDDFT ]
seem converged at 3.7 and 1.4 eV for the singlet exciton = 460 ¢ & Singlet
state and at 1.9 and 0.7 eV for the triplet exciton state, re- 2 370 | . > Triplet |1
spectively. However, the excitation energies can be sensitive w o* P
to the basis set size as is the EA since they are dependent on 280 - o° 1
the quality of the virtual orbitals, and can undergo some 1.90 g o i
further change upon inclusion of diffuse basis functions. We W w00 © . . . .

examine this point by performing the CIS calculations for the 1.00 00 02 04 06 08 1.0

oligomer (containing two GH, units and end groupswith 1/n
the 6-31G, 6-31+G*, and 6-3%+G** basis sets, and find
that the lowest singlet and triplet excitation energies are alFIG. 4. The excitation energies to the lowest-lying singiised diamond
most Converged at the 6-31Masis set. Singlet energies are and triplet(open diamongexciton states of PDA plotted as a function of the

. . inverse of the number of £, units (n) calculated at the CIS/STO-3G and
4.88, 4.74, and 4'74, ev a_nd trlplet energles ar? 2.31, 2'3_ 3LYP/STO-3G levels. The left most plots correspond to values for the
and 2.31 eV, respectively, in the order of increasing the basigfinite polymer.
set size. Therefore the lowest singlet and triplet exciton state
are characterized as valence excited states. It is established

that TDDFT employing current approximate functionals g|s such as Slater and Becke88 functionals is not capable of
(e.g., Slater fUnCtionaI, Becke88 fUnCtional, and the CombiTeproducing a nonvanishing exciton b|nd|ng energy for some
nations thereof, including B3LYPtend to give excessively polymeric systemse.g., polyethylene® This phenomenon
low excitation energies to some excited states, when the eXs traced back to the incorrect asymptotic behavior or incom-
citation energies are close to or higher than the negative gflete cancellation of the self-interaction energy in these pure
the HOMO energy. This is a consequence of the fact thagxchange functionals. TDDFT employing hybrid functionals
these functionals give rise to an exchangexchange- such as B3LYP suffers less from this problem owing to the
correlation potential that decays too rapidlgxponentially  fraction of the HF exchange in the functional, which is remi-
as nggfgld to the correetr ~* behavioy in the asymptotic  niscent of the slightly better description of Rydberg states
region.”"°>For PDA, the negative of the HOMO energy is provided by hybrid TDDFT than that by pure TDDF$8!
considerably higher than the excitation energies, so thigndeed, mixing of the HF exchange and pure exchange func-
problem will not manifest itself. tional seems responsible for the cancellation of errors in the
First, we note that both CIS and TDDFT with the excitation energies between CIS and pure TDDFT, which
B3LYP functional properly account for the positive exciton may result in the much better agreement between B3LYP
binding energies, i.eE4 minus the vertical excitation ener- and experiment than that between CIS and experiment for
gies to excitons, for both the singlet and triplet excitons. ThePDA. Both of our CIS and TDDFT calculations indicate that
CIS/6-31G yields the lowest excitation energy to the singletthere is a triplet exciton state lying lower than the lowest
exciton(3.7 eV) which is much higher than the experimental singlet exciton state. The excitation energy to the triplet ex-
value (~2.0 eV). Considering thatE; computed by the citon state is about 0.7 eV according to the B3LYP/6-81G
HF/6-31G" is higher than the experimental data by as muchcalculation and is consistent with the MPRJ result (0.6—
as 5.6 eV, the errof1.7 eV) in the CIS/6-31G excitation 0.9 e\) with some empirical corrections of the polarization
energy to the singlet exciton appears to be moderate. Thisffects?
may be ascribed to the inadequacy of the basis set; the Figure 4 plots the excitation energies to the lowest sin-
electron-attached state of PDA may be much more diffusglet and triplet excitedexciton states of oligomers and of
than the valence excited state. The TDDFT calculations wittan infinitely long chain of PDA computed by the CIS and
the B3LYP/6-31G model apparently provide much im- TDDFT methods as a function of the inverse of the chain
proved excitation energies. The calculated excitation energlength. These plots demonstrate that the excitation energies
to the singlet excitoril.4 eV) is lower than the experimental of oligomers smoothly but rather slowly converge at the lim-
value (~2.0 eV), but the agreement between these two val-iting values obtained from the CO or periodic DFT calcula-
ues is remarkably better than that between the CIS and exions. The excitation energies exhibit an approximately linear
perimental result. The singlet exciton binding energy ob-behavior with respect ta— 1 (n: the number of GH, units),
tained from the B3LYP/6-31Gcalculation is 0.3 eV, which  which may be interpreted in terms of the terminal effect.
compares well with the experimental val(@4 e\). It was  Unlike the total energy, from which the terminal effect can
shown that TDDFT employing such pure exchange functionbe rather neatly eliminated by taking the energy difference
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between oligomers of different chain lengttes the total tional frequencies, energetics, IP, EEgy, and excitation
energy is an extensive property and can be added or sulenergies. The B3LYP functional was originally designed to
tracted, it is not straightforward to remove the terminal ef- predict the thermochemical quantities accurately, and hence
fect from the excitation energy, which is an intensive prop-the good results obtained from the present B3LYP calcula-
erty. Thus for the excitation energy calculations, methodgions for the energetics, geometries, and vibrational frequen-
based on CO theory or periodic DFT will be particularly cies, which are associated directly with the total energies,
effective compared with the oligomer extrapolation tech-attest to the fact that the functional is quite effective not only

nique. for small molecules but also for infinitely extended systems
such as polymers. However, this hybrid functional appears to
IV. CONCLUSION provide much better descriptions also for the IP, B,

In this article we present a comprehensive theoreticalﬁJlnd excitation energies than HEIS) or DFT using pure

account of one of the experimentally best-characterized poly(_exchange-correlatmn functionals. The agreement between

meric systems, i.e., polydiacetylenes. Complete geometrspe BgIE)YPka;ndﬂ(]experlmelrt?I resf"s ma)g T man)t/hcaais, bg
optimizations are followed by the vibrational frequency cal- raced back fo the cancefiation ot errors between the an

culations for all thék=0 modes at the HE and B3LYP levels DFT portion of the hybrid functionals, but this cancellation
for PDA. From these calculations we find that the HE angS€€ms to occur systematically across different properties. In

particularly the B3LYP calculations with an appropriate ba—t_h'S view, it wou_ld be interesting to design a hybrid fu_n_c-
ional on the basis of not only the thermochemical quantities,

sis set provide satisfactory results for the geometrical parar;t . : )
eters and vibrational frequencies of PDA, which compar ut also IP, EAE,, and excitation energies across different
emolecules and polymers.

well with the corresponding experimental data. We comput
the relative stability of PDA and PBT and the potential en-
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