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The  performance  of  different  DFT functionals  (B3LYP,  BHLYP,  CAM-B3LYP,  M06HF)  on the  prediction
of  vertical  transition  energies  Evert of  low  bandgap  homopolymers  is  tested  against  the  experimentally
available  oligomer  series  (thienopyrazines  and  thienothiophenes).  This  allows  for  a  detailed  and  accurate

comparison  on the  consistency  of DFT  methods  for chainlength  evolution  and  polymer  limit  prediction,
and  for  an  understanding  of  geometry  and  time-dependent  contributions  to  Evert by  combinatorial  anal-
ysis.  Together  with  former  studies  on wide/medium  bandgap  polymers  and  low  bandgap  co-polymers,
our  results  on low  bandgap  homopolymers  suggest  offset-corrected  M06HF  as the  most  viable  method
for time  inexpensive  and reliable  prediction  of  semiconducting  polymers  at  the moment.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Conjugated low bandgap polymers have been the target of
ntense studies in the past for their promising performance in
rganic photovoltaics and field effect transistors [1–8]. In fact,
lastic-based optoelectronic devices have several advantages com-
ared to their inorganic counterparts, including low cost, flexibility,
ransparence, easy processing, and improved sustainability, but
specially the tunability of their electronic and optical proper-
ies via versatile organic synthesis. However, versatility has its
rice, requiring tedious efforts in synthesis and characterization
o explore the properties of new polymers. Thus, with the rise
f cost-effective quantum-chemical methods and fast and cheap
omputational resources, polymer property prediction prior to syn-
hesis has found much interest in the community [9–11].

However, reliable polymer bandgap prediction is still a chal-
enge due to the large number of atoms, which cannot be accessed

ith the most accurate of today’s methods. Thus, most polymer cal-

ulations are based on (time-dependent) density functional theory,
TD)DFT, but the proper choice of the functional to reliably calcu-
ate (optical) bandgaps is in dispute. In fact, the most employed

∗ Corresponding author.
E-mail address: johannes.gierschner@imdea.org (J. Gierschner).

ttp://dx.doi.org/10.1016/j.cplett.2015.12.059
009-2614/© 2016 Elsevier B.V. All rights reserved.
B3LYP functional for this purpose suffers from a number of pit-
falls [12,13], which result in an incorrect evolution in bond-length
alternation (BLA) [14–16], ionization potentials [17], and electronic
transitions [9,18] as a function of system size, as well an over-
estimation of molecular orbitals (MO) delocalization [19]. It was
sufficiently stressed before, that such consistency of the geometri-
cal, electronic and optical properties with the size of the conjugated
system is mandatory to avoid correct results for wrong reasons
by error compensation [9,18]. Such chainlength consistency tests
for a given polymer have thus to be done before doing polymer
prediction via periodic boundary calculations or via the oligomer
approach. Thus, the only way  to accurately test DFT functionals
is a careful comparison with the available experimental data of
the electronic and optical properties of the oligomers [9,18]; how-
ever, taking care that calculated values are properly compared with
experiment. This includes the choice of an appropriate theoretical
extrapolation method to extract the polymer limit values, as well as
misleading comparisons between the vertical (Evert) and adiabatic
transition energies (E00; i.e. the optical bandgap). Other contrib-
utions which directly affect the experimental data are thermal,
substituent, solvent and solid state effects [9].
The number of available experimental studies on the optical
properties of oligomers series, which enable such comparison are,
however, limited. In fact, only on wide and medium bandgap
homopolymers a considerable number of studies are found in
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ence between TMS- vs. T-termination is ascribed to the rather large
70 E.F. Oliveira et al. / Chemical P

iterature, mainly based on (substituted) phenylene, thiophene,
uorene repetition units (RU) as well as their vinylene- or
thynylene-linked variants (see, e.g. the reviews in Refs. [9,20,21]).
or low bandgap materials, only a few donor-acceptor co-oligomer
22,23] and homo-oligomer [24–26] series were reported.

For a number of medium bandgap homopolymers and the few
xisting low bandgap co-polymers, Wykes et al. [18] have per-
ormed such comparative TD-DFT studies on oligomers of different
ength to test the consistency of the method with the chainlength
volution of Evert. The studies reproduced the overestimation of
he chainlength evolution by B3LYP, but also showed that long-
ange correction (LC) by optimally tuned LC-BLYP did not lead
o great improvement; this problem was also addressed else-
here [27], and it was suggested that explicit solvation gives much

etter agreement with experiment [28]. Improvement against
3LYP was obtained by long-range corrected CAM-B3LYP [18]. The
ain parameter for an improvement was however the increase

f Hartree–Fock (HF) exact exchange (EXX), stressing the impor-
ance of such contributions also at the short range [27]. M06HF
100% EXX) showed a consistent evolution with chainlength com-
ared to experiment [18] favored by the correct representation
f the asymptotic behavior of the potential [27]. Nevertheless, an
expected) overestimation of the absolute energies is observed.
t was thus suggested to introduce an offset correction (OC) of
0.75 eV to the calculated vertical energies (in vacuum) to compare
ith the experimental ones (in solution) [18]. Although solvent

hifts �Esolv are of considerable importance [9], they are fairly con-
tant with chainlength for longer oligomers (i.e. ≥two  repetition
nits) [29,30], and even when comparing different oligomer series;

.e. a bathochromic shifts of �Esolv ≈ −0.3 eV is induced [9]. Similar
onsiderations apply to thermal effects; going from the T = 0 K limit
o room temperature, hypsochromic shifts of �Etherm ≈ 0.15 eV are
ound for systems with shallow ground state torsional potentials
9,30]. An unbiased implicit treatment of solvent and temperature
ffects in TD-DFT is possible [31], requires however specialized
nowledge and testing, and it is thus not suitable for routine poly-
er  prediction. Therefore, OC-M06HF in vacuum was  suggested as

 feasible strategy for rapid and at the same time reliable estimation
f Evert in solution for medium bandgap homo- and low bandgap
o-polymers [18].

Nevertheless, for low bandgap homopolymers, a similarly
esigned accurate test is missing by now. These polymers are
xpected to be particularly challenging from a theoretical view due
o quinoid contributions [32,33]. We  will meet this challenge in the
resent letter, performing TD-DFT at different levels of theory on
he (only) experimentally available oligomer series of low-bandgap
olymers. The latter are thieno[3,4-b]pyrazines (nTP; where n = is
he number of RU) with two kind of end terminations [24,25], and
hienothiophenes (nTT) [26]. Furthermore, combinatorial analysis
f mixed B3LYP/M06HF calculations will provide an understand-
ng of geometry and TD contributions to the evolution of Evert with
hainlength.

. Materials and methods

Experimental Evert were taken as absorption band maxima1 of
hienopyrazine polymer (PTP) [34] as well as oligomers (nTP; with

 = 1, 2, 3), end-terminated with trimethylsilyl (TMSnTP) [25] and

hiophene (TnTP) [24] groups. A second series of compounds were
hienothiophene oligomers with (2,4,6-triisopropylphenyl) end
roups (Pr3PnTT) with n = 1–6 [26]. Solvents for the experimental

1 This procedure to extract Evert is only approximate [9], however the error is
xpected to be smaller than 0.05 eV.
 Letters 645 (2016) 169–173

spectra were chloroform for TP, TMSnTP, and Pr3PnTT and
dichloromethane for TnTP.

Ground state geometries were fully optimized by DFT with
various functionals, including B3LYP with 20% EXX [35–37] and
dispersion-corrected B3LYP-D3(BJ) [38], BHLYP (50% EXX) [36],
M06HF (100% EXX) [39] and the long-range corrected CAM-B3LYP
[40] and wB97XD functionals [41]. The nTP oligomers were found
to be all co-planar in anti-conformation; the same co-planar con-
formation was  as well observed between the T and TP units in TnTP
oligomers.2 An anti-conformation was  also found for the Pr3PnTT
oligomers, however slightly twisted by ca. 10◦ between the TT
units, whereas the substituted phenyl groups are strongly twisted
against the backbone (ca. 80–90◦). To avoid unsystematic noise in
the TD calculations for different oligomer length, the TT units were
kept co-planar for the following TD calculations. Vertical absorp-
tion transition energies Evert were calculated by TD-DFT using the
functionals mentioned above. All (TD-)DFT calculations were done
in vacuum in the T = 0 K limit employing the 6-31G** basis set as
described in the Gaussian 09 program package [42].

Within the oligomer approach, the electronic and optical prop-
erties of the polymers are estimated through extrapolation from the
oligomers results, mostly done either by an (empirical) exponential
3-parameter fit as introduced by Meier et al. [43], or by the (phys-
ically founded) coupled oscillator 2-parameter model proposed by
Kuhn [44], as reviewed earlier [9,18]. In the Kuhn equation,

E(n) = E1

√
1 − Dk cos

(
�

N + 1

)
(1)

E represents the transition energy of the oligomer, N is the num-
ber of double bonds of the shortest path within the TP and TT
backbone, respectively (i.e. not counting the bonds in the terminal
thiophene and phenylene units), E1 is the transition energy of a for-
mal  double bond (N = 1), and Dk = 2(ks/kd) is a relative force constant
(k) that measure how strong the double bonds (d) are coupled by a
single bond (s). However, as pointed out earlier [9], fits according
to the Kuhn or Meier equation may  be deficient if strong terminal
effects are present; this might particular be true for oligomers with
stronger quinoid contributions, since those will depend critically
on the system size. We  therefore use an extension of the original
Kuhn formula by an exponential term to provide a better adjust-
ment to experiment (i.e. modified Kuhn; MK), as shown in Eq. (2)
[9].

E(N) = E1

√
1 − Dk cos

(
�

N + 1

)
− Ae−BN (2)

3. Results and discussion

The experimental chainlength evolution of Evert for the TMS- and
T-terminated nTP oligomers, as well as for the Pr3PnTT oligomers
in solution are shown in Figure 1 [24–26]. Evert of the T-terminated
TP monomer (T1TP) is much smaller compared to TMS1TP, due to
the strongly enlarged conjugation length by the presence of the
thiophene end groups in TnTP. However, the extrapolated poly-
mer  value is very similar in both series due to the vanishing effect
of the terminating groups with increasing chainlength, resulting
in Evert of around 1.2 eV at the polymer limit. Here, the differ-
error in the extrapolation of only three experimental oligomer val-
ues. The reported experimental polymer (PTP) value in chloroform

2 A torsional scan was performed for H-, Th-, and TMS-terminated TP dimers
(n  = 2) giving a planar anti conformation. Oligomers with up to 12 RU were fully
optimized; no imaginary frequencies were found.
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Figure 1. Experimental chainlength evolution of vertical transition energies Evert

of thienopyrazine based oligomers TMSnTP (green diamonds), TnTP (red squares)
[22,23] and thienothiophene Pr3PnTT (blue triangles) oligomers [25]; the polymer
value of PTP (black star) is shown for comparison. Lines are MK fits according to Eq.
(
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Figure 2. Vertical transition energies Evert for TMSnTP oligomers calculated with dif-
ferent (TD)DFT methods in vacuum (GO and TD part done with the same functional);
2).

olution is 1.25 eV [34], which agrees quite well with the extrapo-
ation results taking into account that the molecular weight of the
eported PTP is about 4300 g/mol, which corresponds to about 14
onomeric units. The polymer value of the nTT series is estimated

o be 1.5 eV. The strong change in the slope when going from n = 1
o n = 2 in nTT is again ascribed to an end-effect, i.e. by the presence
f the terminal phenyl rings. Apart from that, the chainlength evo-
ution of the nTT series is similar to the nTP series; here, the overall
igher values of Evert for the nTT series reflect the less electron-poor
ature of the TT unit as compared to TP.

In a first step of the calculation, we did the geometry opti-
ization (GO) and the time-dependent (TD) part (i.e. to calculate

vert) with the same functional, comparing the results with the
vailable experimental data. Figure 2 presents the results for Evert

f the TMSnTP series, while the results on TnTP are found in
he supplementary information (SI). As expected, B3LYP only pro-
ides reasonable results for small to medium sized oligomers,
ut strongly overestimates the slope of the chainlength evolu-
ion, so that the polymer limit is close to 0 eV, more than 1 eV
elow the experimental value of 1.2 eV. It should be noted that the
nderestimation of the polymer value is much larger than what

s seen in thiophene-based medium bandgap homopolymers and
ow bandgap co-polymers [18]; the reasons will be discussed later
n this letter. Anyway, we want to stress again at this point that our
esults show that B3LYP allows not even for clear trends among
ifferent polymer series. Dispersion correction via B3LYP-D3(BJ)
ardly improved the result (see SI). As for the systems discussed
y Wykes et al. [18], CAM-B3LYP and BHLYP give similar results,
roviding a noticeable improvement against B3LYP but still over-
stimating the slope and thus giving transition energies below 1 eV.

he dispersion and long-range corrected wB97XD functional only
lightly improves the results against CAM-B3LYP, see SI. M06HF
hows, as expected, a strong hypsochromic shift against exper-
ment, but we note a very similar chainlength evolution as in
experimental results (in solution) are shown for comparison.

experiment; this is consistent with previous findings [18], that the
increase of EXX from B3LYP (20%), BHLYP (50%) to M06HF (100%)
significantly improves the results. The same trends were observed
for the T-terminated, TP oligomers, and for TT oligomers, see SI.

Due to the good performance of M06HF in the consistency with
chainlength evolution on wide/medium bandgap homopolymers
and low bandgap co-polymers, it was proposed earlier to use an
offset correction (OC) of −0.75 eV to compare the M06HF results
properly with experiments [18]. As seen in Figure 3, we can fully
confirm this result for both TMS- and T-terminated TP series, as well
as for the TT series, giving a remarkable agreement of OC-M06HF
for the chain evolution compared with experiment. Hence, together
with the former results by Wykes et al. [18], OC-M06HF can be
indeed recommended as a viable method for time inexpensive and
reliable calculations of vertical transition energies of wide to low
bandgap homo- and co-polymers.

It should be reminded in this context that low bandgap
oligomers are particularly challenging for theory due to the quinoid
contributions which are reflected in the increase of the coupling
between the double bonds, expressed in Dk of the Kuhn expres-
sion, see Eq. (1). For TMSnTP this gives Dk = 0.92 as compared to
Dk = 0.89 for the oligothiophene (nT) series, but similar to the nTTP
co-oligomers (Dk = 0.93) [18]. The remarkably strong deviation of
B3LYP against experiment for the nTP series (vide supra) should
be related to its quinoid character, which offers here a chance to
trace back the B3LYP failure in detail. To do this, a combinatorial
analysis on the GO and TD parts of the (TD)DFT calculations, i.e.
TD//GO was  performed, where the M06HF and B3LYP functionals
were employed. As can be seen from Figure 4, the mixed situations

M06HF//B3LYP and B3LYP//M06HF lie in between the pure M06HF
and B3LYP ones; however showing that the main reason for the
strong failure of the B3LYP functional is found in the GO rather
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Figure 3. Vertical transition energies Evert for TMSnTP, TnTP and Pr3PnTT oligomers:
comparison of experimental and OC-M06HF (OC = −0.75 eV).

Figure 4. Combinatorial analysis of TMSnTP for all TD//GO combinations employing
the  B3LYP and M06HF functionals.
Figure 5. Bond lengths for (a) two  and (b) eight monomeric units of TMSnTP along
the conjugated path.

than in the TD part, leading to a sharp decrease of Evert for long
oligomers.3

To further quantify the GO contribution, the bond length alter-
nation (BLA) for short and long oligomers (two and eight RUs) of the
TMSnTP series was  analyzed by following the bond length along the
conjugated path, see Figure 5. For short oligomers, the BLA increases
essentially with the fraction of exact HF exchange in the functional
as noted before [15], however the differences are not very pro-
nounced. This explains why  Evert of the short oligomers in Figure 4
are very similar if the TD part is the same (e.g. B3LYP//M06HF vs.
B3LYP//B3LYP). On the other hand, for long oligomers, the bond
lengths evolves dramatically different for B3LYP with respect to
the other functionals, giving a very small BLA in the center of the
molecule, very similar to what was  reported for benzothiophenes
[45]; this behavior clearly indicates that B3LYP geometries are not
reliable for long low bandgap oligomers. It is the apparent reason for
the large difference between M06HF//B3LYP and M06HF//M06HF
in Figure 4, where the strong underestimation at the polymer limit
is a direct result of the low BLA in B3LYP. Analogous results are
obtained for the TnTP series, see SI.

4. Conclusions

In the current letter, we  have performed a computational study
on the experimentally available oligomer series of low bandgap
homopolymers (thienopyrazines nTP, and thienothiophenes nTT)
to test the performance of different DFT functionals (B3LYP, BHLYP,
CAM-B3LYP, M06HF) on vertical transition energies Evert; this
included both the consistency with chainlength as well as the

behavior with respect to the absolute energies.

A systematic improvement in the chainlength consistency is
found by increasing the amount of Hartree–Fock exact exchange

3 The B3LYP//M06HF results seem to adjust well with experiment, but for long
oligomers a systematic underestimation is seen. However, doing the same evalua-
tion for H- and Th-terminated structures (see SI), it is noted that the B3LYP//M06HF
are in disagreement even for small oligomers, indicating that the good results for
TMS-terminated small oligomers was  a coincidence by error compensation.
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EXX) in the functional. Our combinatorial analysis of the geom-
try and time-dependent part shows that the failure of methods
ith small EXX such as B3LYP lies mainly in the strong underes-

imation of the bond length alternation; this becomes especially
ronounced for the here investigated low bandgap homopolymers
ith enlarged quinoid contributions. Offset-corrected OC-M06HF

OC = −0.75 eV) is shown to be a viable method to reproduce the
hainlength evolution of Evert of low bandgap homopolymers.
eeping in mind, however, the tendency of HF for over-localization,

he good performance of HF might be partially due to error
ompensation. Nevertheless, together with the former study on
ide/medium bandgap polymer and low bandgap co-polymers

18], OC-M06HF seems to be in the moment the best recommenda-
ion for a general time-inexpensive and reliable prediction of Evert

or semiconducting polymers.
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