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The bond length alternation (BLA), the highest-occupitmivest-unoccupied (HOLU) orbital energy gap,

and the corresponding excitation energy are determinelefos-polyacetylene (PA) and polyyne (PY) using
density functional theory. Results from the Coulomb-attenuated CAM-B3LYP functional are compared with
those from the conventional BHHLYP and B3LYP hybrid functionals. BLA values and-H® gaps are
determined using both finite oligomer and infinite chain calculations, subject to periodic boundary conditions.
TDDFT excitation energies are determined for the oligomers. The oligomer excitation energies ahtJHO
gaps are then used, in conjunction with the infinite chain-H@ gap, to estimate the infinite chain excitation
energy. Overall, BHHLYP and CAM-B3LYP give BLA values and excitation energies that are larger and
more accurate than those obtained using B3LYP. The results highlight the degree to which excitation energies
can be approximated using the HQU gaps—at the infinite limit, this approximation works well for B3LYP,

but not for the other functionals, where the HOU gap is significantly larger. The study provides further
evidence for the high-quality theoretical predictions that can be obtained from the CAM-B3LYP functional.

1. Introduction consider the infinite limit nor electronic properties. Yang and
é(ertesz considered infinite limit BLA and band gaps in PA but
did not consider Coulomb-attenuated functionals. Rather than
estimating the optical gap using the appropriate time-dependent
DFT (TDDFT), Yang and Kertesz calculated the difference
between the highest occupied (HO) and lowest unoccupied (LU)
Kohn—Sham orbital energies; we denote this quantity the-HO
LU gap. The main focus of their study was polyyne (PY),
although technical difficulties prevented calculations at the

There has recently been considerable interest in approache
that split the exchange energy of density functional theory
(DFT)12 into short- and long-range components, through a
partitioning of the 1r,, operator. The procedure allows short-
range exchange to be treated primarily with a local DFT
functional and long-range exchange to be treated primarily with
nonlocal, exact orbital exchange, leading to significant improve-
ments in calculated long-range properties. Approaches that

achieve this include the schemes of likura efdkerber and infinite limit in this system. . .
Angya# Vydrov et al.5 Baer and Neuhaus&iCohen et al?, In the present study we consider the BLA and electronic

and Yanai et af. The last authors proposed the Coulomb- properties of PA and PY, for both oligomers and the infinite
attenuated (CA) CAM-B3LYP function&lwhich is the focus limit, using both conventional and CA functionals. Attention is
of the present study. Functionals developed using an exchangd®@d t0 whether the TDDFT excitation energies can be ap-

partitioning provide improved performance over standard hybrid Proximated using HS&LU gaps, and to the convergence of
functionals for a variety of propertiési2 such as excited oligomer to infinite chain results. We commence in section 2

stategl0.13-19 glectric-field-induced second harmonic genera- PY Presenting computational details, including a brief summary
tion20 nonlinear optical propertied, optical rotatior?2 and of the implementation of periodic boundary conditions in the
reaction barrierd?23 Our own work has highlighted that CA  PALTON program? Resullts for PA and PY are presented in
functionals offer an improved description of excited states and S€ctions 3 and 4, respectively. Conclusions are presented in
barriers while maintaining competitive performance for other S€ction 5.
thermochemical and geometrical properfigs. ) ]

An area that may benefit from the application of CA 2. Computational Details

functionals is the study of polymf_eric chains;_se(_e refs-28 To quantify the influence of exchange partitioning, we
for recent relevant studies. In particular, we highlight the work oo sider three exchangeorrelation functionals. The first two
of Jacquemin et & and Yang and Kertes2.Jacquemin etal.  re the conventional hybrid functionals B3L4P* and BHH-
Qemonstrated that CAM-B3LYP prqwdes an |mproved descrlp- LYP 414245 containing fixed amounts (20% and 50%, respec-
tion of the bond length alternation (BLA) in short-_cham tively) of exact exchange. As noted above, a number of
oligomers oftrans-polyacetylene (PA), although they did not  cqjomb-attenuated approximations could be used. We choose

T Universit the CAM-B3LYP functional, which has attracted significant

y of Durham. . . . .
* University of Oslo. recent interest and has previously shown promise in the
§ Royal Institute of Technology. calculation of oligomer BLA2 The CAM-B3LYP functional
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() TABLE 1: TDDFT Excitation Energies and HO —LU Gaps
12.0 - in Polyacetylene Oligomers, as a Function of the Number of
Carbon Atoms, N (All Values in eV)
N B3LYP BHHLYP CAM- B3LYP expe
£ 10.0 -
~ Excitation Energy
5 4 6.04 6.36 6.29 5.92
P g4 6 4.87 5.26 5.19 4.95
8 4.14 4.56 4.51 4.41
10 3.63 4.08 4.04 4.02
S Losx sp
. , ¢ CAMBILYP 20 2.37 2.96 2.97
0.00 0.05 0.10 0.15 0.20 0.25 24 2.12 2.75 2.78
1/N 28 1.93 2.61 2.65
32 1.78 2.51 2.55

(b) 36 1.67 2.43 2.48
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2.01 20 2.23 4.22 4.66
o 24 2.02 4.01 4.45
o+ CAM-B3LYP 28 1.88 3.86 4.31
0.0 T ‘ ‘ T ! 32 1.77 3.75 4.20
0.00 0.05 0.10 1/No.ls 0.20 0.25 36 168 367 413
40 1.61 3.61 4.07
" P 1.19 3.24 3.71
C
. 8.01 aReferences 5659.
L)
560 convergence criteria. The reported BLA is the difference
g 1 between the longest double bond and the shortest single bond,
> which occurs in the center of the molecule where the effect of
£ 401 chain termination (by H atoms) is minimized. HQU gaps
i and TDDFT excitation energies were determined at the opti-
€3}

mized geometries. The excitation energies correspond to the
©-0 B3LYP lowest dipole-allowed transitions'g, Ay for PA and

[
f=J
>

o CANDILYP 1} <15, for PY), characterized by the excitation of a single
e o’ o0 0B 02 0% electron from the HO orbital to the LU orbital.
1/N The infinite chain calculations, subject to periodic boundary
Figure 1. (a) BLA, (b) HO-LU gap, and (c) TDDFT excitation energy ~ conditions, were performed using a locally modified, develop-
in polyacetylene oligomers, as a function oN1/ ment version of DALTON® This code, which will be described
in more detail elsewher®,is based on the general approach
has 19% exact exchange at shogt, but 65% at largerso. described in ref 47. A basis set of standard Gaussian-type

Results using alternative percentages will also be mentioned.orbitals { |u[&to} is formally associated with each unit cell
All calculations use the 6-31G* basis set, which has been replical in the periodic system and is combined with different
widely used in studies of BLAL36 with the VWN(I11)#3 version phase factors to form translation-symmetric Bloch orbitals,
of B3LYP. Where comparison can be made, we have confirmed
that our results are in very good agreement with those of K uC= i ikl 1
Jacquemin et @32and Yang and Kertes?.Basis set errors Ik,u Z € luldro @
become less pronounced as the size of the system increases. \/ﬁ
Analysis of the PA results in refs 31, 33, and 37 suggests that
expanding the basis set would at most increase the BLA values
by a few tenths of a picometer (i.e., by a few percent), consistent
with the observation in ref 36. For excitation energies and band
gaps, our own basis set investigations indicate that for more

Herek is the quasi-momentum in the first Brillouin zone (BZ)
and the sum runs over all unit cells. Real-space ksgace
matrix elements of any translation-symmetric operatoare
related via a Fourier transform,

than 10 carbon atoms, expansion of the basis to-6&1or o _ A k _ A

cc-pVTZ lowers the values by less than a tenth of an electron- Auw = Bt Ao Aw = Bpl Ak

volt. As will be seen, such changes would not affect the general A= § gk a0 )
conclusions reached regarding functional performance. For PY, # Z L4

it is more difficult to judge the influence of basis set expansion,

due to the significant linear dependence. All matrix elements needed to form the KohBham matrix

The oligomer calculations were performed using a develop- are computed in real space and then transformeklgpace
ment version of the DALTON prograff. Geometries were  where the RoothaarHall equationsfFkCk = SKCkek, are solved.
optimized using analytic gradients with default DALTON The infinite summation of the Coulomb interactions was done
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Figure 2. CAM-B3LYP extrapolation of TDDFT excitation energy

for (a) polyacetylene and (b) polyyne.

using the multipole method described by Kudin and Scuéeéffa.
An advantage of the Gaussian approach of ref 47 is that it allows
the same basis set to be used for both molecular and periodic

calculations, thus facilitating comparisons.

The combination of the geometry of polyyne and the split-
valence basis set 6-31G* leads to near-linear-dependence
problems. More precisely, the smallest eigenvalue okthpace

Peach et al.
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overlap matrixS¢ varies from the order of 10 (atk = 0) to

10* (at the BZ boundary). When the Kohisham orbitals are
normalized with respect to this near-singular metric, some orbital
coefficients (and density matrix elements) can become very large

=8 BHHLYP
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and require extremely precise calculation of the exact orbital Figure 3. (a) BLA, (b) HO-LU gap, and (c) TDDFT excitation energy
exchange, because large density matrix elements are notn Polyyne oligomers, as a function ofNL/

“damped” by small overlaps in the expression for the exchange

(see refs 50 and 51 for similar observations),

K,?'V = z ng/l(/'toamwl;tnwj)

m] o

Following Ahlenius et al*??2we handle this problem by canonical
orthonormalisation and projection. At eakpoint we diago-

At present, analytic gradients are not implemented and we
therefore optimized the geometries by successively varying one
parameter and fitting a quadratic curve to the energy as a
function of that parameter. We stop the procedure when the
energy is minimal with respect to all geometrical parameters.
For both PA and PY, all geometrical parameters were optimized.
We have confirmed that, to the precision quoted, the geometries

nalize the overlap matrix, transform to the eigenvector basis, are global minima. HOLU gaps (band gaps) were determined
and project out eigenvectors corresponding to the smallestat the optlmlzgd geometries. TDDFT excitation energies are not
eigenvalues. After this procedure, one is left with a transformed Yet available in our program.

Roothaan-Hall equationFkCk = Ckek of reduced dimension.

To avoid introducing small discontinuities in the potential energy 3. Polyacetylene (PA)

surface for polyyne, we do not base the projection on a fixed
threshold but instead project out one eigenvector at kgdint.

Figure la presents the BLA values for PA oligomers

All calculations use a uniform sampling grid consisting of containingN carbon atoms, for 4 N < 40, as a function of
N = 180k-points and the density matrix is transformed to real- 1/N. The BHHLYP and CAM-B3LYP functionals give similar

space using numerical integration,

BLA values, which are significantly larger than those of B3LYP.
The results clearly highlight the increase in BLA that occurs as
the amount of exact orbital exchange is increased, in one case
through an increase in the exact exchange prefactor and in the
other through Coulomb attenuation. As argued in ref 32, CAM-
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B3LYP provides a very good estimate of the BLA in PA TABLE 2: TDDFT Excitation Energies and HO —LU Gaps
oligomers, because the results are bracketed by second-ordehg Pé"YYZe O“g?\lmirﬁ'\?sl a Fl_JnCt\l;)n of the Number of
Maller—Plesset and coupled cluster singles doubles values, 220N Atoms, N (All Values in eV)

which are considered to be lower and upper bounds, respec- N B3LYP BHHLYP CAM- B3LYP expt
tively. Figure la also presents the infinite chain BLA (ai1/ Excitation Energy
= 0), determined using periodic boundary conditions. The 4 8.51 8.98 8.79 7.54
convergence from oligomers to the infinite chain appears 6 6.87 7.42 7.25 6.77
monotonic and slow for BHHLYP and CAM-B3LYP. For 8 5.83 6.43 6.29 2.98
B3LYP, it seems likely that there is a minimum in the curve 10 >.10 >4 262 >33
' _ y _ urve 4o 4.56 5.24 5.13 4.99
for longer chain lengths; calculations on a 48 carbon chain give 14 4.13 4.86 4.76 4.67
a BLA marginally below the infinite chain value, supporting 16 3.79 4.56 4.48 4.41
the presence of a minimum. Extrapolation would be problematic 18 3.52 4.33 4.25 4.19
for this functional, as is evident in the discrepancy between the 20 3.29 4.14 4.07 4.02
extrapolated and periodic BLA values in refs 33 and 36. We 22 3.09 3.99 3.92 3.87
trap P . _ - 24 2.93 3.86 3.80 3.74
reiterate that our B3LYP oligomer results are in good agreement
i X s X T HO—LU Gap
with those in ref 31, and our infinite chain result is in good 4 6.46 921 948
agreement with the values in refs 33 and 35. Compared to the ¢ 5.14 771 8.00
(solid state) experimental BLA of 79 pm>3-55 the B3LYP 8 4.36 6.81 7.10
value of 5.6 pm is rather short. By contrast, the BHHLYP and 10 3.83 6.22 6.52
CAM-B3LYP values of 8.7 and 8.9 pm do lie within the 1421 g‘llg 2-28 g-ég
experimental range. _ _ 16 2.95 5.27 5.57
Table 1 lists excitation energies and HOU gaps in PA, as 18 2.78 5.09 5.39
functions ofN. For chain lengths 4 N < 10, experimental 20 2.64 4.95 5.25
excitation energies are also presented. For B3LYP, the excitation 3‘21 gzg Z‘-gi g-(l)i
energies are rather close to HQU gaps, with the agreement 159 404 433

improving with increasing chain length. This is consistent with

the observations of Ma et &% demonstrating that HOLU gaps *References 6466.
can be used to estimate PA excitation energies with B3LYP.
For BHHLYP and CAM-B3LYP, however, the values are very
different, even for the longest chain, indicating that such an
approximation is invalid.

Table 1 also presents the HQU gap from the infinite chain
calculations. The convergence of this quantity from oligomers
to the infinite chain is shown in Figure 1b. Given the
aforementioned similarity between the B3LYP HOU gaps
and excitation energies, the infinite chain B3LYP HOU gap
of 1.2 eV can be assumed to be a reasonable estimate for th
B3LYP excitation energy. It is below the experimental optical
gap of 1.5-1.8 eV81.62which is consistent with the underes-
timated BLA. The BHHLYP and CAM-B3LYP infinite chain
HO—LU gaps are much larger (3.2 and 3.7 eV, respectively)
but, as noted above, will not resemble the excitation energies.

One way to estimate the excitation energy for the infinite
chain is to consider the relationship between the excitation Figure 3a presents the BLA values of PY oligomers contain-
energies and the HOLU gaps in the oligomer calculations and ing N carbon atoms, for & N < 24, as a function of N.
then extrapolate on the basis of the infinite chain-HQ gap. Results for longer chains are not presented due to convergence
Investigations revealed that the results are relatively insensitive difficulties. Once again, BHHLYP and CAM-B3LYP yield
to the choice of polynomial fit between the two oligomer similar BLA values (although the ordering is reversed compared
quantities and whether all data points or just the longer oligomer to PA), which are notably larger than those of B3LYP. For
data are included. We choose to fit a quadratic curve to eachBHHLYP and CAM-B3LYP, the convergence to the infinite
data set and then extrapolate to the infinite chain excitation chain BLA resembles that observed for PA. The B3LYP
energy. This is illustrated in Figure 2a for the CAM-B3LYP convergence is different from that of PA, but this may just reflect
functional. For B3LYP, BHHLYP, and CAM-B3LYP, the the shorter chain lengths. The infinite chain BHHLYP and
estimated infinite chain excitation energies obtained from this CAM-B3LYP BLA values are 13.3 and 13.1 pm, respectively,
procedure are 1.1, 2.0, and 2.1 eV. This B3LYP estimate is which are close to the estimated reference value of 13 pm in
close to the value estimated above, as expected. The BHHLYPref 33. Once again, the B3LYP BLA value of 8.8 pm is much
and CAM-B3LYP values are notably larger, slightly overesti- smaller.

The CAM-B3LYP functional has only 65% exact orbital
exchange at large;,. We have previously investigated the
influence of increasing this fractiéhand we have performed a
similar investigation in the present study. Specifically, we
considered ther = 0.2, = 0.8, andu = 0.4 & functional,
highlighted in ref 10, together with the = 0.0, = 1.0, and
u = 0.4 a9 functional, which more closely resembles the form
in ref 3. Both have 100% exchange at lange The BLAs
eCOnverge rapidly withN, to values of 10.9 and 10.7 pm,
respectively, which are clearly too large. The use of these
functionals therefore cannot be recommended for the present
study and we do not consider them further.

4. Polyyne (PY)

mating the experimental range of £5.8 eV. Figure 1c presents Table 2 lists excitation energies and HOU gaps in PY, as
the oligomer excitation energies as a function df,ltbgether functions ofN, together with reference experimental values. For
with the estimated infinite chain values (atNl~ 0). The the larger chain lengths, where basis set effects are less

dependence on W/is very similar to that of the HOLU gaps pronounced, the BHHLYP and CAM-B3LYP excitation energies
in Figure 1b. Consistent with ref 63, our results highlight that are a notable improvement over those of B3LYP. In contrast to
a simple linear extrapolation to the infinite limit can lead to the PA results, the HOLU gap is a poor approximation to the
underestimated infinite chain results. excitation energy for all three functionals. Table 2 also presents
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