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a b s t r a c t
Singlet–triplet (S0–T1) well-to-well (WWES–T) and adiabatic (AES–T) excitation energies of benzene and
the linear polyacenes naphthalene through decacene were estimated using a range of density functional
theory (DFT) methods and basis sets along with the assumption of a closed-shell singlet state. Via single
exponential decay regression based extrapolations to the polymeric limit, signiﬁcant variability in theoretically obtained WWES–T/AES–T predicted for longer polyacenes is evident that is primarily dependent
on the model chemistry employed, with minor variations due to basis set incompleteness and zero-point
energy (ZPE) corrections. With the exception of the B2PLYPD density functional (which, along with the
mPW2PLYPD functional, combines exact HF exchange with an MP2-like correlation to the DFT calculation), all DFT methods investigated predict a negative WWES–T/AES–T (ground state triplet) at the polymer
limit, with most functionals predicting a transition from a singlet to triplet ground state between octacene and decacene. Extrapolation of the B2PLYPD results predicts a vanishingly small singlet–triplet
gap at the polymeric limit for an inﬁnitely long homolog. Hartree–Fock calculations signiﬁcantly underestimate the polyacene WWES–T/AES–T, whereas MPn methods overestimate the singlet–triplet gap but
display a convergence toward experimental values with increasing truncation order and substitutions.
The B2PLYPD and mPW2PLYPD functionals appear to balance the WWES–T/AES–T underestimating tendency of HF/DFT methods for longer polyacenes against the propensity for MPn methods to overestimate
the WWES–T/AES–T for these compounds, and predict all acenes from benzene through decacene will be
ground state singlets with positive singlet–triplet gaps.
Ó 2011 Elsevier B.V. All rights reserved.

1. Introduction
The polyacenes (Fig. 1) are linearly annelated benzene units [1]
that are of practical interest in materials science and nanotechnology [2], as well as of theoretical value in advancing our understanding of aromaticity [3–7] and in developing computational
methods. While the shorter chain polyacenes (benzene through
pentacene) are experimentally well-known, the difﬁcult syntheses
and long-term instabilities of hexacene and higher homologs remain a challenge, and only the members up to nonacene have been
experimentally studied to a very limited degree [8–12]. The nature
of the electronic ground state for the longer chain acenes, and the
direction and magnitude of the singlet–triplet energy gap (ES–T),
are of substantial attention and debate [13]. Some groups have
proposed triplet [14] (and/or higher multiplicities [15]) or openshell singlet [10,16–26] di- and/or poly-radical ground states, and
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in some cases, the difﬁculties in synthesizing these compounds
and their instability following isolation have been attributed to
the proposed radical character.
However, experimental evidence on nonacene by Tonshoff and
Bettinger suggests that the longer polyacenes do not have triplet
(or higher multiplicity) ground states [12], thereby appearing to
narrow the ground state uncertainty to between closed and
open-shell singlets. It is also important to note that where the
ES–T gap is on the order of several kcal/mol or less, a higher energy
triplet state above a ground state closed-shell singlet should be
thermally accessible, potentially allowing for thermal reactivity
beyond that expected for a ground state closed-shell singlet. Recently, Hajgato et al. [27,28] have conducted two high-level theoretical studies that strongly suggest all linear polyacenes have a
closed-shell singlet ground state and a singlet–triplet energy gap
that approaches zero (but is never negative) at the polymeric limit.
Their results are compelling due to the quality of the calculations,
and ﬁndings that agree with experimental intuitions regarding the
inherent closed-shell singlet ground states of small through midsize hydrocarbons. In light of these controversies, it is of interest
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Fig. 1. General structure of the polyacenes (1) and the individual members from benzene (2; n = 1) through decacene (11; n = 10).

to investigate the performance of a broad range of density functionals for estimating the singlet–triplet energy gaps of polyacenes,
and particularly the predicted singlet–triplet energy gaps at the
polymer limit.
2. Computational details
Geometry optimizations, frequency calculations, and single
point energy (SPE) calculations employed Gaussian 09 (G09) [29]
with various combinations of the following model chemistries
and basis sets: model chemistries, B1B95 [30], B1LYP [30–32],
B2PLYPD [33], B3LYP [30–32,34], B3P86 [34,35], B3PW91 [34,36–
38], B972 [39], B97D [40], B98 [41,42], BHandH [30–32,43–45],
BHandHLYP [30–32,43–46], BMK [47], CAM-B3LYP [30–32,34,48],
CCD [49,50], CCSD [49–53], CCSD(T) [49–54], HCTH/147 [55–57],
HCTH/407 [55–57], HCTH/93 [55–57], HF [43–45], HFB [46], HFS
[58–60], HSE03 [61–67], HSE06 [61–67], LC-wPBE [68–71], M06
[72], M062X [72], M06HF [73,74], M06L [75], MP2 [76–81], MP3
[76,82,83], MP4 (with DQ, SDQ, and SDTQ substitutions) [84,85],
MP5 [86], mPW1LYP [30–32,87], mPW1PBE [87–89], mPW2PLYPD
[90], mPW3PBE [87–89], O3LYP [30–32,91], PBE0 [88,89,92],
PBEh1PBE [88,89,93], QCISD [54], tHCTH [94], tHCTHhyb [94],
TPSSh [95], VSXC [96], wB97 [97], wB97X [97], wB97XD [98],
and X3LYP [30–32,99]; basis sets, STO-3G [100,101], 6-21G
[102,103], 4-31G [104–107], SV [108,109], 6-31G(d) [104–
107,110,111], 6-31G(d,p) [104–107,110,111], TZVP [108,109],
cc-pVDZ [112–115], and cc-pVTZ [112–115]. All singlet state calculations presented herein used a closed-shell consistent with the
conclusions from Hajgato et al. [27,28]. Structures were conﬁrmed
as true minima absent imaginary frequencies. Geometry visualizations were conducted with Gabedit 2.2.12 [116]. KyPlot v.2.b.15
[117] was employed for all statistical analyses. The theoretical data
presumably contains only systematic errors. The regression based
error analyses as applied herein were designed for experimental
data having only random errors, and should thus be taken as
estimates for the uncertainty from extrapolating computationally
derived datasets.

(and taking the average of the two datapoints for naphthalene
[60.9 and 61.0 kcal/mol] and anthracene [42.6 and 43.1 kcal/
mol]) to a single exponential decay function having a y-axis offset
of the general form y = aebx + c (where a, b, and c are constants, x is
the number of acene units, and y is the AES–T) yields an AES–T at the
polymer limit of 9.8 kcal/mol (r = 0.99998; Fig. 2), and a y-intercept (i.e., crossover from positive to negative AES–T) at nonacene.
Since Tonshoff and Bettinger [12] have experimental data on nonacene that indicates its ground state is not a triplet, this extrapolation appears to underestimate the AES–T of longer polyacenes.
The extrapolation of the experimental AES–T data is also highly
sensitive to the AES–T value for hexacene (currently at
12.4 ± 1.2 kcal/mol). If an AES–T value of 16.4 kcal/mol is used instead for hexacene, the polymer limit AES–T is estimated at about
zero (0.2 ± 4.3 [SE; standard error]) via a regression equation of
the form y = aebx + c with only a small loss in quality of ﬁt
(r = 0.9992). Similarly, ﬁtting a single exponential decay function
without x- or y-axis offsets (i.e., automatic convergence to an
AES–T ? 0 as n ? 1) of the form y = aebx to the original experimental data also yields a high quality ﬁt (r = 0.9990). Consequently,
the experimental AES–T dataset for the n-acenes (n = 1–6) is ambiguous regarding the potential onset of negative AES–T for longer
members of the series. The conﬁdence in polymeric limit AES–T
extrapolations from this dataset is limited owing to the regression
sensitivity towards the single AES–T value reported for hexacene, as
well as the varying matrices used among the experimental reports
and the potential differences (currently not well deﬁned) between
gas and condensed phase AES–T values. Experimental AES–T

3. Results and discussion
The starting point for our investigations was a consideration of
experimental singlet–triplet energy gap trends of polyacenes using
the available dataset from n = 1 (benzene) through n = 6 (hexacene). Hajgato et al. [27] have compiled the experimental data in
their work, and discussed how the different experimental conditions employed – almost entirely in condensed matrices – for the
various compounds under study may result in intercomparability
challenges within the experimental database and additional inherent differences when comparing the experimental values against
gas-phase theoretical calculations. Fitting the experimental adiabatic singlet–triplet energy gap (AES–T) for the n = 1–6 polyacenes

Fig. 2. Trend in experimental singlet–triplet energy gaps for benzene through
hexacene and extrapolations to the polymeric limit using a single exponential decay
function having a y-axis offset of the general form y = aebx + c (solid line;
a = 125.7 ± 0.6 [±SE], b = 0.292 ± 0.005, c = 9.4 ± 0.9; r = 0.99998) and a single
exponential decay function without x- or y-axis offsets of the form y = aebx (dashed
line; a = 122.0 ± 2.7, b = 0.357 ± 0.010; r = 0.9990). Experimental data are from Refs.
[127–132] as compiled in Ref. [123]. Error bars represent the range of experimental
reports.
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datapoints for heptacene through nonacene are clearly needed to
constrain polymeric limit extrapolations of the experimental dataset with high conﬁdence.
In their early work, Hajgato et al. [27] reported the following
benchmark quality AES–T for benzene through heptacene at the
CCSD(T)/cc-pV1Z level (values in kcal/mol): n = 1 (benzene),
87.0; n = 2 (naphthalene), 62.9; n = 3 (anthracene), 46.2; n = 4
(naphthacene), 32.2; n = 5 (pentacene), 24.2; n = 6 (hexacene),
16.8; and n = 7 (heptacene), 12.6. When ﬁt to a regression of the
form y = aebx + c, the data of Hajgato et al. [27] indicates an
AES–T for linear acenes at the polymer limit of effectively zero
(0.3 ± 1.4 [SE] kcal/mol; 95% CL [conﬁdence limit] range from
4.1
to
+3.5 kcal/mol;
a = 120.5 ± 1.0,
b = 0.322 ± 0.011;
r = 0.9998). An equally high quality ﬁt (r = 0.9998) is obtained for
the AES–T data of Hajgato et al. [27] using a regression of the
form y = aebx (a = 120.4 ± 0.9, b = 0.324 ± 0.003) which yields an
AES–T ? 0 as n ? 1. Similarly, Hajgato et al. [27] reported the
following benchmark quality well-to-well singlet–triplet energy
gaps (WWES–T) for benzene through heptacene at the CCSD(T)/
cc-pV1Z level (values in kcal/mol): n = 1 (benzene), 92.2; n = 2
(naphthalene), 66.2; n = 3 (anthracene), 48.5; n = 4 (naphthacene),
34.0; n = 5 (pentacene), 25.6; n = 6 (hexacene), 18.0; and n = 7
(heptacene), 13.6. When ﬁt to a regression of the form y = aebx + c,
the data of Hajgato et al. [27] indicates a WWES–T for linear acenes
at the polymer limit of about +1 kcal/mol (1.0 ± 1.2 [SE] kcal/mol;
95% CL range from 2.3 to +4.4 kcal/mol; a = 127.1 ± 1.0,
b = 0.332 ± 0.010; r = 0.99990). An equally high quality ﬁt
(r = 0.9990) is obtained for the WWES–T data of Hajgato et al. [27]
using a regression of the form y = aebx
(a = 127.3 ± 0.9,
b = 0.324 ± 0.003) which yields an AES–T ? 0 as n ? 1. Thus, the
data of Hajgato et al. [27] is unambiguous in predicting a vanishingly small singlet–triplet gap for the polyacenes at the polymeric
limit.
In a recently published work, Hajgato et al. [28] have extended
their high level ES–T studies of the acenes out through undecacene.
Using a focal point analysis approach applied to the results of a series of single-point and symmetry-restricted calculations employing correlation consistent cc-pVXZ basis sets (X = D, T, Q, 5) and
single-reference methods [HF, MP2, MP3, MP4SDQ, CCSD, CCSD(T)]
of improving quality, these authors have reported the following
updated AES–T for benzene through undecacene at the CCSD(T)/
cc-pV1Z level (values in kcal/mol): benzene, 86.5; naphthalene,
62.5; anthracene, 45.9; naphthacene, 31.7; pentacene, 23.8; hexacene, 16.5; heptacene, 12.3; octacene, 8.2; nonacene, 6.0; decacene, 3.7; and undecacene, 2.6. The authors’ own regression
analysis of this data suggests an AES–T at the polymer limit of
1.1 kcal/mol. When we ﬁt the data of Hajgato et al. [28] to a
regression of the form y = aebx + c, we obtain equivalent results
with a projected AES–T for linear acenes at the polymer limit of

effectively zero (1.0 ± 0.4 [SE] kcal/mol; 95% CL range from 2.1
to 0.0 kcal/mol; a = 120.4 ± 0.8, b = 0.318 ± 0.005; r = 0.99990). An
equally high quality ﬁt (r = 0.9998) is obtained for the AES–T data
of Hajgato et al. [28] using a regression of the form y = aebx
(a = 120.8 ± 1.0, b = 0.329 ± 0.003) which yields an AES–T ? 0 as
n ? 1.
Similarly, Hajgato et al. [28] reported the following updated
WWES–T for benzene through undecacene at the CCSD(T)/cc-pV1Z
level (values in kcal/mol): benzene, 91.7; naphthalene, 65.8;
anthracene, 48.2; naphthacene, 33.5; pentacene, 25.3; hexacene,
17.7; heptacene, 13.4; octacene, 9.2; nonacene, 7.0; decacene,
4.6; and undecacene, 3.6. The authors’ own regression analysis of
this data suggests an WWES–T at the polymer limit of +0.2 kcal/
mol. When we ﬁt the data of Hajgato et al. [28] to a regression of
the form y = aebx + c, we obtain equivalent results with a projected
WWES–T for linear acenes at the polymer limit of effectively zero
(+0.2 ± 0.4 [SE] kcal/mol; 95% CL range from 0.8 to +1.1 kcal/
mol; a = 127.0 ± 0.8, b = 0.328 ± 0.005; r = 0.99990). An equally
high quality ﬁt (r = 0.99990) is obtained for the AES–T data of Hajgato et al. [28] using a regression of the form y = aebx
(a = 127.0 ± 0.7, b = 0.326 ± 0.002) which yields an AES–T ? 0 as
n ? 1. Thus, the data of both studies from Hajgato et al. [27,28]
are collectively unambiguous in predicting a vanishingly small singlet–triplet gap for the polyacenes at the polymeric limit.
Other work by Bendikov et al. [17] calculated the AES–T for hexacene through decacene at the B3LYP/6-31G(d) level using both
closed- and open-shell singlet state assumptions. The closed-shell
singlet AES–T reported by these authors are in excellent agreement
with our calculations at this level of theory (reported as current
study/value from Ref. [17]; values are in kcal/mol; also see Table
1): hexacene, 9.6/9.5; heptacene, 4.5/4.4; octacene, 0.6/0.6;
nonacene, 2.3/2.4; and decacene, 4.6/4.7. While ZPE corrections for the shorter acenes can be substantial (Hajgato et al.
[27,28] reported DZPE at the B3LYP/cc-pVTZ of 5.2, 3.3, and
2.3 kcal/mol, respectively, for benzene, naphthalene, and anthracene), the corrections decline with increasing acene length and are
1–2 kcal/mol for naphthacene through heptacene, converging on
a polymeric limit ZPE correction of 1.0 for octacene and larger
polyacenes. These corrections for longer polyacenes are within
the inherent errors of the theoretical methods and the experimental AES–T data, indicating that WWES–T are approximately equal to
AES–T for longer acenes.
With the exception of Hajgato et al. [27,28], who probed the
WWES–T/AES–T using a range of model chemistries (HF, MP2,
MP3, MP4(SDQ), CCSD, and CCSD(T)) and basis sets, the majority
of computational studies on polyacene energetics employ sole
use of the B3LYP functional (or other older functionals such as
BLYP), despite the known problems with this method for calculating hydrocarbon energies (see, e.g., [118–126]). As is evident in our

Table 1
Experimental (where available) AES–T and theoretical WWES–T/AES–T for naphthacene through decacene using the B3LYP, B97D, M062X, and HF methods and the 6-31G(d) basis
set. Values are in kcal/mol.

a
b
c

Compound

Expt. AES–Ta

Naphthacene
Pentacene
Hexacene
Heptacene
Octacene
Nonacene
Decacene

29.4 [127]
19.8 ± 0.7 [131]
12.4 ± 1.2 [132]
n/ab
n/a
n/a
n/a

B3LYP

B97D

M062X

HF

AES–T

WWES–T

AES–T

WWES–T

AES–T

WWES–T

AES–T

WWES–T

26.0
16.5
9.6
4.5
0.6
2.3
4.6

27.7
17.9
10.8
5.6
1.7
1.2
3.5

24.5
15.5
9.1
4.3
0.8
2.0
5.9

25.8
16.6
9.9
5.1
1.4
1.4
3.6

31.8
21.5
13.9
8.3
4.0
0.6
n/cc

33.6
23.0
15.4
9.8
5.5
2.3
0.3

10.4
2.9
13.5
22.4
30.1
36.9
n/c

12.1
0.8
11.3
20.1
27.4
33.5
38.9

Experimental data taken from the compilation in Ref. [27].
Not available.
Frequency calculation did not converge.
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Table 2
Experimental (where available) and theoretical AES–T for naphthacene through decacene using the B3LYP functional and various basis sets. Values are in kcal/mol.

a
b

a

Compound

Expt. AES–T

Naphthacene
Pentacene
Hexacene
Heptacene
Octacene
Nonacene
Decacene

29.4 [127]
19.8 ± 0.7 [131]
12.4 ± 1.2 [132]
n/ab
n/a
n/a
n/a

STO-3G

6-21G

4-31G

SV

6-31G(d)

28.3
18.4
11.4
6.3
2.5
0.4
2.6

26.6
17.0
10.1
5.0
1.1
1.8
4.2

26.3
16.7
9.8
4.7
0.9
2.1
4.4

26.2
16.7
9.8
4.8
1.0
1.9
4.1

26.0
16.5
9.6
4.5
0.6
2.3
4.6

Experimental data taken from the compilation in Ref. [27].
Not available.

Table 3
Summary statistics of estimated WWES–T for benzene through decacene using a range
of density functionals (see Table 4 for listing) obtained at the x/6-31G(d)//B3LYP/631G(d) level of theory. Values are in kcal/mol.
Compound

Mean ± SD

Median

Range

Benzene
Naphthalene
Anthracene
Naphthacene
Pentacene
Hexacene
Heptacene
Octacene
Nonacene
Decacene

89.8 ± 3.6
63.3 ± 3.7
42.1 ± 3.0
27.9 ± 2.8
17.9 ± 2.4
10.7 ± 2.3
5.4 ± 2.3
1.4 ± 2.4
1.6 ± 2.4
3.9 ± 2.6

89.3
62.6
41.4
27.2
17.4
10.2
5.0
1.1
1.9
4.2

79.2 (HFB) to 104.1 (M06HF)
54.5 (HFB) to 78.9 (M06HF)
35.8 (HFB) to 54.8 (M06HF)
23.2 (HFB) to 39.9 (M06HF)
14.5 (HFB) to 28.2 (M06HF)
7.6 (BHandHLYP) to 19.9 (M06HF)
1.5 (LC-wPBE) to 13.5 (M06HF)
3.3 (LC-wPBE) to 8.6 (M06HF)
7.0 (LC-wPBE) to 5.4 (B2PLYPD)
9.9 (LC-wPBE) to 3.6 (B2PLYPD)

AES–T calculations at the x/6-31G(d) level and WWES–T calculations
at the x/6-31G(d)//B3LYP/6-31G(d) level with the B3LYP, B97D,
M062X, and HF methods for naphthacene through decacene shown
in Table 1, a relatively broad range of method dependent WWES–T/
AES–T are obtained with variations of up to several kcal/mol among
the DFT methods and clearly erroneous results from HF calculations. Of note is the method inconsistency in predicting the onset
of a sign change in WWES–T/AES–T. The B3LYP and B97D methods
predict a negative WWES–T/AES–T beginning at nonacene, whereas
the M062X functional predicts this transition at decacene.
To consider the varying effects of differing low-level basis sets,
geometry optimizations and frequency calculations were conducted on naphthacene through decacene using the B3LYP
functional and the following basis sets (Table 2): STO-3G,
6-21G, 4-31G, and SV. AES–T generally decline with increasing
basis set size, although the effect is modest and on the order of
only 1–2 kcal/mol (i.e., within the coupled errors of the theoretical
method and any experimental data being compared against). Consequently, when calculating the WWES–T/AES–T of longer polyacenes, ZPE and basis set size effects appear minor in comparison
to the choice of model chemistry employed. Clearly, the inclusion
of all relevant corrections and use of the largest basis set practical
is desirable when estimating AES–T of large polyacenes via theoretical methods, but the decision regarding model chemistry is
paramount.
To better understand how a range of density functionals perform
for polyacene WWES–T estimates, we conducted SPE calculations at
the x/6-31G(d)//B3LYP/6-31G(d) level using a wide variety of methods for benzene through decacene (Supplementary information Table S6). A summary of the ranges of WWES–T obtained for each
compound across all methods examined are provided in Table 3.
There is little difference between the mean and median WWES–T
for each compound, and WWES–T standard deviations for each compound range between about 2–4 kcal/mol. However, on average,
DFT methods transition from signiﬁcantly overestimating the
WWES–T of short-chain acenes to signiﬁcantly underestimating

Table 4
Regression analysis parameters using a single exponential decay function having a yaxis offset of the general form y = aebx + c (x = n, y(x) = WWES–T in kcal/mol;
c = WWES–T at the polymeric limit) with estimated WWES–T for benzene (n = 1)
through decacene (n = 10) obtained using a range of density functionals, as well as HF
and MPn methods, at the x/6-31G(d)//B3LYP/6-31G(d) level of theory.

a

Method

a

b

c

r

MP3a
MP2
MP4(DQ)a
MP4(SDQ)a
B2PLYPD
mPW2PLYPD
M062X
M06HF
HCTH/93
HCTH/147
HFS
B97D
HCTH/407
O3LYP
B1B95
wB97XD
tHCTHhyb
tHCTH
BMK
B98
B972
HFB
X3LYP
B3LYP
B3P86
M06L
B3PW91
VSXC
mPW3PBE
M06
TPSSh
mPW1LYP
B1LYP
PBE0
PBEh1PBE
mPW1PBE
CAM-B3LYP
HSE03
HSE06
wB97X
BHandH
wB97
BHandHLYP
LC-wPBE
HF

127.2
147.5
127.2
129.2
135.1
135.5
141.8
148.5
137.6
136.7
136.4
133.7
136.9
137.6
141.1
136.4
136.4
135.0
139.9
136.8
139.2
122.5
136.4
136.1
137.4
139.4
136.3
137.8
136.6
136.3
135.1
135.7
135.5
136.9
136.4
136.3
136.9
137.2
137.2
138.4
144.5
139.5
138.5
138.8
163.9

0.459
0.406
0.417
0.383
0.357
0.347
0.317
0.291
0.353
0.353
0.355
0.350
0.352
0.342
0.332
0.320
0.338
0.349
0.318
0.331
0.333
0.338
0.330
0.332
0.331
0.343
0.330
0.344
0.330
0.330
0.333
0.325
0.323
0.324
0.323
0.322
0.307
0.320
0.320
0.297
0.300
0.281
0.287
0.272
0.156

19.4
16.0
13.6
7.1
0.0
1.9
6.0
6.1
6.5
6.8
6.8
7.0
7.0
7.0
7.3
7.7
7.7
7.8
7.9
8.0
8.0
8.1
8.4
8.6
8.7
8.9
8.9
8.9
8.9
9.1
9.1
9.2
9.4
10.1
10.2
10.4
11.0
11.2
11.2
12.5
14.6
16.0
17.0
19.2
74.3

0.999
0.996
0.9992
0.9998
0.99993
0.99992
0.9998
0.9997
0.9999
0.9999
0.9999
0.9999
0.9999
0.99994
0.99993
0.9998
0.99994
0.99992
0.9999
0.99993
0.99994
0.99993
0.99993
0.99994
0.99993
0.99992
0.99992
0.99991
0.99992
0.99996
0.99993
0.99992
0.99992
0.9999
0.9999
0.9999
0.9998
0.99991
0.9999
0.9997
0.9998
0.9997
0.9997
0.9995
0.998

Calculations completed for benzene through octacene.

the WWES–T of long-chain acenes. The M06HF method yields the
largest WWES–T for benzene through octacene, with the B2PLYPD
method having the highest WWES–T for the last two members of
the series under consideration. The HFB method provides the
lowest WWES–T for benzene through pentacene, followed by
BHandHLYP for hexacene, and the long-range corrected version of
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Table 5
Estimated WWES–T for benzene through anthracene using a range of Moller–Plesset
perturbation theory (MP2, MP3, MP4(DQ), MP4(SDQ), MP4(SDTQ), and MP5), coupled
cluster (CCD, CCSD, and CCSD(T)), and quadratic conﬁguration interaction (QCISD)
methods obtained at the x/6-31G(d)//B3LYP/6-31G(d) level of theory. Values are in
kcal/mol.
Method

Benzene

Naphthalene

Anthracene

MP2
MP3
MP4(DQ)
MP4(SDQ)
MP4(SDTQ)
MP5
CCD
CCSD
CCSD(T)
QCISD

112.8
98.9
96.7
94.8
102.9
96.7
96.4
88.2
88.2
87.5

84.4
72.4
71.0
68.1
74.6
n/a
71.4
64.7
64.7
64.0

57.6
49.8
48.5
47.0
52.0
n/a
49.1
45.5
45.5
45.1

wPBE (LC-wPBE) for heptacene through decacene. The range of
WWES–T predicted for each compound generally declines with
increasing acene length, from about 20 to 30 kcal/mol at shortthrough mid-chain lengths to about 10–15 kcal/mol for heptacene
and longer homologs.
When the functional dependent WWES–T data are extrapolated
via a single exponential decay function of the form y = aebx + c,
estimated WWES–T at the polymeric limit are provided in Table 4.
In all cases, high-quality regression ﬁts (r P 0.9995) are obtained.
The predicted WWES–T for an inﬁnitely large polyacene range from
0.0 kcal/mol (B2PLYPD) to 19.2 kcal/mol (LC-wPBE), although the
large majority of functionals are clustered with WWES–T at the
polymer limit ranging between about 6.0 to 11.0 kcal/mol
(9.0 ± 3.5 kcal/mol [mean ± SD (standard deviation)]), in good
agreement with the polymer limit AES–T (9.8 kcal/mol) obtained
by extrapolating the experimental data using the same regression
function. Only the B2PLYPD (0.0 kcal/mol) and mPW2PLYPD
(1.9 kcal/mol) functionals have polymeric limit WWES–T greater
than 6.0 kcal/mol, whereas only the wB97X (12.5 kcal/mol),
BHandH (14.6 kcal/mol), wB97 (16.0 kcal/mol), BHandHLYP
(17.0 kcal/mol), and LC-wPBE (19.2 kcal/mol) have polymeric
limit WWES–T less than 11.2 kcal/mol. Most functionals predict
the onset of a negative WWES–T value at nonacene, with the exception of some functionals that predict this transition at octacene
(LC-wPBE, BHandH, BHandLYP, wB97, HSE03, and HSE06) or decacene (M062X, wB97XD, and BMK), or at even longer acene chains
(B2PLYPD [n ? 1], mPW2PLYPD [n = 13], and M06HF [n = 11]).
The Hartree–Fock method greatly underestimates the WWES–T
of all polyacenes, and the polymeric limit WWES–T of 74.3 kcal/
mol at this level of theory is in gross error. By comparison, MPn
methods (MP2, MP3, MP4(DQ), and MP4(SDQ)) overestimate
WWES–T but tend to converge towards the experimental AES–T data
with increasing truncation order and substitutions. Estimated
WWES–T at the polymeric limit for the MPn methods are as follows
(values in kcal/mol; MP3, MP4(DQ), and MP4(SDQ) estimates
based on calculations for benzene through octacene): MP2, 16.0;
MP3, 19.4; MP4(DQ), 13.6; and MP4(SDQ), 7.1. A comparison of
estimated WWES–T for benzene, naphthalene, and anthracene
among various Moller–Plesset perturbation theory (MP2, MP3,
MP4(DQ), MP4(SDQ), MP4(SDTQ), and MP5), coupled cluster
(CCD, CCSD, and CCSD(T)), and quadratic conﬁguration interaction
(QCISD) methods obtained at the x/6-31G(d)//B3LYP/6-31G(d) level of theory (Table 5) supports the general trends discussed above,
and illustrates progressive convergence towards experimental
AES–T data with increasing level of theory.
Thus, the two double hybrid density functional methods which
combine exact HF exchange with an MP2-like correlation to a DFT
calculation (B2PLYPD and mPW2PLYPD) appear to balance the

Fig. 3. Trends in calculated WWES–T for benzene through decacene at the x/631G(d)//B3LYP/6-31G(d) level of theory (x = MP4(SDQ), B2PLYPD, B3LYP, and LCwPBE) and associated extrapolations to the polymeric limit using a single
exponential decay function having a y-axis offset of the general form y = aebx + c
(corresponding regression statistics given in Table 4). Regression estimated AES–T at
the polymeric limit are provided along the right y-axis.

WWES–T underestimating tendency of HF/DFT methods for longer
polyacenes against the propensity for MPn methods to overestimate the WWES–T for these compounds (Fig. 3). As Huenerbein
et al. [123] have previously shown, double-hybrid functionals with
dispersion corrections (i.e., B2PLYPD and mPW2PLYPD) offer superior performance compared to other functionals (particularly those
without dispersion corrections) when calculating isomerization
energies of large and complex molecules. A similar hierarchy of
functional performance may also be evident for calculating the singlet–triplet energy gaps of large polyacenes. Progressively larger
basis sets (6-31G(d), 6-31G(d,p), TZVP, cc-pVDZ, cc-pVTz) have
minimal inﬂuence (<1 kcal/mol) on the estimated WWES–T using
the B3LYP and B2PLYPD functional obtained via SPE calculations
on B3LYP/6-31G(d) optimized geometries (Table 6).
One must also note the excellent agreement between the
benchmark quality WWES–T obtained at the CCSD(T)/cc-pV1Z level by Hajgato et al. [28] and our B2PLYPD/x/B3LYP/6-31G(d)
WWES–T data (values in kcal/mol and reported as B2PLYPD/ccpVDZ/B3LYP/6-31G(d) [CCSD(T)/cc-pV1Z]): benzene, 93.4 [91.7];
naphthalene, 66.1 [65.8]; anthracene, 45.1 [48.2]; naphthacene,
31.8 [33.5]; pentacene, 22.2 [25.3]; hexacene, 15.6 [17.7]; heptacene, 10.9 [13.4]; octacene, 7.5 [9.2]; nonacene, 5.0 [7.0]; and decacene, 3.2 [4.6]. With discrepancies ranging only between 0.3 and
3.1 kcal/mol for these methods, the B2PLYPD functional (and its
mPW2PLYPD counterpart) appears to be providing near benchmark quality WWES–T estimates for the polyacenes, in sharp contrast to what is likely the poor performance of all other major
functionals.
Overall, we ﬁnd substantial variability in the theoretically obtained singlet–triplet gaps predicted for longer polyacenes that is
primarily dependent on the model chemistry employed, with minor variation due to basis set incompleteness and ZPE corrections.
Assuming a closed-shell singlet state for polyacenes results in all
density functionals considered (with the sole exception of the
B2PLYPD method) predicting a negative singlet–triplet gap (i.e.,
ground state triplet) at the polymeric limit, and most functionals
predicting a transition from a singlet to triplet ground state between octacene and decacene. The Hartree–Fock method signiﬁcantly underestimates the WWES–T of the polyacenes, whereas
MPn methods overestimate the singlet–triplet gap but display a
convergence toward experimental values with increasing truncation order and substitutions. The two double hybrid methods
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Table 6
Theoretical WWES–T for benzene through decacene using the B3LYP and B2PLYPD functionals and progressively larger basis sets obtained via SPE calculations on B3LYP/6-31G(d)
optimized geometries. Values are in kcal/mol.
Compound

Benzene
Naphthalene
Anthracene
Naphthacene
Pentacene
Hexacene
Heptacene
Octacene
Nonacene
Decacene

B3LYP

B2PLYPD

6-31G(d)

6-31G(d,p)

TZVP

cc-pVDZ

cc-pVTZ

6-31G(d)

6-31G(d,p)

TZVP

cc-pVDZ

89.5
62.6
41.8
27.7
17.9
10.8
5.6
1.7
1.2
3.5

89.5
62.6
41.8
27.8
17.9
10.9
5.7
1.8
1.1
3.4

89.3
62.7
42.1
28.1
18.2
11.1
5.9
1.9
1.1
3.4

88.9
62.2
41.5
27.5
17.6
10.6
5.4
1.5
1.5
3.8

89.4
62.7
41.9
27.8
17.9
10.7
5.4
1.4
1.7
4.0

94.4
66.9
45.7
32.3
22.7
16.1
11.3
7.9
5.4
3.6

94.3
66.9
45.7
32.3
22.7
16.1
11.4
8.0
5.5
3.7

94.0
66.8
46.0
32.6
23.0
16.3
11.5
8.1
5.5
3.7

93.4
66.1
45.1
31.8
22.2
15.6
10.9
7.5
5.0
3.2

which combine exact HF exchange with an MP2-like correlation to
a DFT calculation (B2PLYPD and mPW2PLYPD) balance the HF/MPn
under/over-estimations and predict all acenes from benzene
through decacene will be ground state singlets with positive
singlet–triplet gaps. Extrapolation of the B2PLYPD results predict
positive WWES–T for all polyacenes until a vanishingly small singlet–triplet gap is reached at the polymeric limit for an inﬁnitely
long homolog.
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