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The optical properties of a series of donor-acceptor N,N-dimethylaniline-𝜋-dicyanovinylene (DMA-𝜋-DCV) chromophores have
been investigated under the density functional theory framework. Focus has been made on the low-lying charge-transfer (CT)
electronic transitions for which experimental data is available. The effect of the 𝜋-conjugated bridge length and type was analysed
between the families of oligoene and oligoyne derivatives of increasing size. Theoretical calculations demonstrate that the ethylene
bridge is a better 𝜋-communicator and allows for more delocalized frontier molecular orbitals compared to the acetylene spacer.
The Λ diagnostic test allowed rationalization of the orbital spatial overlap in the main CT excitations. The performance of different
density functional rungs was assessed in the prediction of the lowest-lying CT electronic transition. Surprisingly, most modern
long-range corrected functionals demonstrated to provide among the largest errors, whereas hybrid functionals showed the best
performance. Solvatochromism was confirmed in both oligoene and oligoyne compounds. A donor-acceptor-donor triad based on
tetrathiafulvalene was utilised as a test system for the prediction of its two CT bands of different nature, energy, and intensity. The
hybrid PBE0 (or a similar hybrid analogue) consolidates as the best choice for the prediction of CT excitations in the DMA-𝜋-DCV
push-pull family.

1. Introduction

Organic chromophores have attracted increasing attention in
a variety of fields such as molecular electronics and opto-
electronics due to their high degree of 𝜋-conjugation, giving
them unique electronic and optical properties [1–4]. Donor-
acceptor (D-A) conjugated organic molecules constitute one
of the most promising derivatives in this family, so-called
push-pull systems, with particular interest in their second-
and third-order nonlinear optical properties [5]. In a donor-
acceptor compound, an electron-rich moiety (donor) gives
electronic density to the electron-poor fragment (acceptor).
The charge transfer occurring in these systems is highly
dependent on the nature (strength) of the donor and acceptor
moieties, as well as on the 𝜋-conjugation efficiency and
length of the bridge connecting both parts. Still, however,
the amount of charge transfer in the ground state is far
below the approximately one-electron transfer that proceeds
upon photoirradiation. In push-pull systems, the highest-
occupied molecular orbital (HOMO) is usually placed in

the donor moiety, whereas the lowest-unoccupied molecular
orbital (LUMO) is found in the acceptor fragment. The
photoexcitation of D-A entities therefore produces a low-
lying charge-transfer electronic excitation described by the
one-electron promotion from the HOMO to the LUMO,
where energy absorption highly depends on the linear D-A
conjugation pathways [6, 7]. Stronger D-A coupling across
shorter 𝜋-conjugated spacers leads to higher-energy absorp-
tions, whereas weaker D-A coupling across longer spacers
results in lower HOMO-LUMO gaps [8–10].

To date, one of themost used donor architectures in push-
pull systems is the N,N-dimethylaniline (DMA) structure,
which has allowed the generation of a vast number of D-A
systems, both planar andnonplanar [8, 11, 12].Whereas planar
push-pull chromophores featuring intramolecular charge-
transfer (CT) interactions have been extensively studied, only
a limited number of nonplanar low-molecular-weight donor-
acceptor chromophores have been reported [13, 14]. On the
other hand, the dicyanovinylene (DCV) group has become
one of the most employed electron-accepting architectures in
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Scheme 1: List of compounds under study: the two families of DMA-𝜋-DCV derivatives (oligoenes with -CH=CH- bridge, left; oligoynes
with -C≡C- bridge, centre) and the TTF-based push-pull chromophores (right).

the generation of efficient push-pull systems to be exploited
in organic electronics [15–18]. The combination of both the
DMA and the DCV moieties led to the synthesis of a bunch
of D-A compounds with tuneable properties à la carte [8, 11,
12, 19–24].

Particularly interesting is the modulation of the bridge
connecting the donor and the acceptor moieties. Recently,
two types of 𝜋-conjugated bridges have been employed as
spacers in the construction of push-pull chromophores to
tune the optical and electronic properties of D-A-substituted
oligoynes (spacer: -C≡C-) and oligoenes (spacer: -CH=CH-)
[12, 25–27]. Oligoenes based on DMA-𝜋-DCV (oe-n in
Scheme 1) demonstrated having a better ability to pro-
duce good homogeneous solutions for the nonlinear opti-
cal measurements, and showed a clear increase in third-
order polarizability with the size of the spacer. Oligoyne-
based derivatives (oy-n, Scheme 1) were much less capable
of producing a good homogeneous solution with signs of
decomposition for the larger molecules, and the third-order
polarizability was already saturated at the diyne compound
[12]. These systems showed a clear, intense, low-lying CT
band recorded in the 450–600 nm range, whose position
and intensity can be modulated by the extension of the 𝜋-
conjugated bridge.

On the other hand, the tetrathiafulvalene (TTF) and its
derivatives constitute a widely used electron-donor fragment
in the generation of nonplanar chromophores [28–33]. A
TTF-based derivative was recently synthesized possessing
a nonplanar shape and appealing optical properties (TTF-
TCB-NMe2 in Scheme 1) [11]. The presence of two electron-
donor moieties in this system (TTF and DMA), together
with an electron-accepting tetracyanobutadiene (TCB) as a
bridge, led to the presence of two intense, low-lying CT states
in the electronic absorption spectrum. The higher-energy
transition located in the 450–500 nm region was assigned to
the DMA → TCB electronic excitation, whereas the lower-
energy band recorded at 729 nm was ascribed to the TTF
→ TCB promotion. This system constitutes a great example
containing two clearly characterized low-lyingCTbandswith
different nature, energy, and intensity.

From the experimental point of view, complications
in the synthesis paths, together with solubility issues and
the ubiquitous environmental impact effect, point toward
a desirable computational screening of a large list of D-
A derivatives, to then focus on the synthesis of the most
promising candidates with optimal optical and electronic
properties [34]. To reach that goal, available theoretical

approachesmust predict accurately the desired properties, for
example, the electronic absorption spectrum in push-push
systems, in an affordable computational cost-accuracy ratio.
In this line, density functional theory (DFT) has marked a
step forward in the design of chromophores based on the
rationalization of valuable structure-property relationships
[28–33, 35].

Although awidely recognised failure inDFT is the predic-
tion of accurate energetics for the low-energy charge-transfer
bands [36, 37], much effort has been devoted to palliate
this shortcoming by the introduction of long-range corrected
density functionals that include a variable amount of exact
Hartree-Fock (HF) exchange to the functional expression as
a function of distance [38]. The better description of the CT
excitations generally obtained by these long-range corrected
functionals is counterbalanced by a larger computational
cost, accompanied with a more complicated description of
the electronic excitations as well as a poorer prediction
of the 𝜋-𝜋∗ transitions in common organic chromophores.
Additionally, a diagnostic test (so-calledΛ) permits the iden-
tification of CT excitations, in which conventional density
functionals should be avoided, by the estimation of the spatial
overlap between the orbital pairs involved in the electronic
transition of interest [39].

In this work, we present a theoretical study on the optical
features of a list of chromophores containing DMA as a
donor group and DCV as an acceptor moiety. The effect
of the type and length of the bridge (ethylene versus acety-
lene) on the low-lying charge-transfer excitation is analysed
by performing TDDFT calculations on the oligoene and
oligoyne families and is related to the HOMO-LUMO gap.
The performance of the different density functional rungs has
been assessed, and the spatial overlap between the orbitals
involved in the excitation of interest is evaluated through
the calculation of the Λ diagnostic test. The percentage of
the exact Hartree-Fock exchange in the formulation of the
functional is found to be key for the accurate prediction
of the low-lying CT excitations by hybrid functionals. The
composite chromophore TTF-TCB-NMe2 containing the
donor tetrathiafulvalene moiety was used as a test system
possessing two charge-transfer electronic bands of different
nature, energy, and intensity.

2. Materials and Methods

Preliminary exploration of the geometric, electronic, and
optical properties of the list of compounds under study was
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carried out by performing geometry optimizations under
the density functional theory (DFT) framework by making
use of the hybrid exchange-correlation B3LYP functional
[40], in combination with Pople’s 6-31G∗∗ basis set [41] and
in gas phase. The lowest-lying singlet excited states were
computed at the same level of theory by means of the
time-dependent DFT approach [42–44]. The lowest-lying 20
singlet excited states were computed for both oligoene and
oligoyne derivatives.

Effects on the geometry were considered by optimizing
all the structures under the ab initio MP2 level of theory
[45] using the 6-31G∗∗ basis set. Effects of the nitrogen
pyramidalization and of the bond length alternation (BLA)
were analysed by measuring characteristic dihedral angles
and bond distances. The bond length alternation index was
measured as the difference between single and double/triple
bonds in the bridge for both oligoenes and oligoynes divided
by the number of groupings (see Scheme 2).

The performance of a variety of density functionals on
the optical properties of the DMA-𝜋-DCV derivatives was
carried out by employing the pure-GGA PBE [46] and BLYP
[47, 48] functionals, the hybrid B3LYP [40] and PBE0 [49],
the hybrid meta-GGA M06-2X [50], the range-separated
HSE03 [51], and the long-range corrected CAM-B3LYP [52]
and wB97XD [53]. The effect of the basis set was analysed by
computing the lowest-lying CT transition using the B3LYP
functional combined with the smaller 6-31G [54] and the
bigger 6-311+G∗∗ [55] basis sets for the oligoene family. Small
energy deviations were found within an acceptable range of
±0.1 eV. Solvent effects were taken into account by means
of the self-consistent reaction field (SCRF) using both the
polarizable continuum model (PCM) [56] and the solvent
model based on solute electron density (SMD) [57] and
dichloromethane as a solvent.

The Λ diagnostic test was calculated as described in [39],
bymeasuring the spatial overlap between the occupied orbital
𝜑𝑖 and the virtual orbital 𝜑𝑎 that contribute to the relevant
singlet excited state according to

𝑂𝑖𝑎 = ⟨𝜑𝑖 | 𝜑𝑎⟩ = ∫ 𝜑𝑖 (r) 𝜑𝑎 (r) 𝑑r. (1)

The spatial overlap between two orbitals was calculated by
means of the Gabedit 2.4.8 software [58]. Many occupied-
virtual pairs may contribute to a given TDDFT excitation,

and the contribution from each pair can be measured
by

𝜅𝑖𝑎 = 𝑋𝑖𝑎 + 𝑌𝑖𝑎, (2)

where 𝑋𝑖𝑎 and 𝑌𝑖𝑎 are elements of the solution vectors
of the TDDFT generalized eigenvalue problem. A measure
of spatial overlap for a given excitation can therefore be
obtained by weighting each inner product 𝑂𝑖𝑎 by some
function 𝑓(𝜅𝑖𝑎) and summing over all occupied-virtual pairs,
suitably normalized. The spatial overlap in a given excitation
is therefore usually measured according to the expression

Λ = ∑𝑖,𝑎 𝜅
2

𝑖𝑎
𝑂𝑖𝑎

∑𝑖,𝑎 𝜅2𝑖𝑎
(3)

which takes the value 0 ≤ Λ ≤ 1. A small value ofΛ signifies a
long-range excitation, whereas a large value signifies a short-
range excitation. In our case, we took only the spatial overlap
between the pair of orbitals that contribute the most on the
low-lying singlet excitation (>90%).

The effect of the amount of exact Hartree-Fock (HF)
exchange in the prediction of low-lying singlet excited states
of charge-transfer nature was analysed on the families of
functionals PBE and BLYP. Pure-GGA PBE and BLYP func-
tionals contain 0% of exact HF exchange, whose amount was
consistently increased up to 50% according to each hybrid
functional expression. In the case of the BLYP family, we took
the expression for the B3LYP functional of the form

𝐸𝑥𝑐 = 𝐸LDA𝑥 + 𝑎0 (𝐸HF
𝑥
− 𝐸LDA
𝑥
) + 𝑎𝑥 (𝐸GGA𝑥 − 𝐸LDA𝑥 )

+ 𝐸LDA
𝑐
+ 𝑎𝑐 (𝐸GGA𝑐 − 𝐸LDA𝑐 ) ,

(4)

where 𝑎0 = 0.20, 𝑎𝑥 = 0.72, and 𝑎𝑐 = 0.81, 𝐸LDA𝑥 , 𝐸HF
𝑥
, and

𝐸GGA
𝑥

are the local, Hartree-Fock exact, and GGA exchange,
and 𝐸LDA

𝑐
and 𝐸GGA

𝑐
are the local and GGA correlation,

respectively. In this case, the parameter 𝑎0 wasmodified from
0.00 (BLYP) to 0.50 (BHandHLYP) by steps of 0.10, going
through 0.20 (B3LYP).

For the PBE family, the PBE0 formula is set to

𝐸𝑥𝑐 = 𝑎0𝐸HF
𝑥
+ (1 − 𝑎0) 𝐸PBE𝑥 + 𝐸PBE𝑐 , (5)

where 𝑎0 = 0.25 and 𝐸PBE𝑥 and 𝐸PBE
𝑐

are the exchange and
correlation parts of the PBE functional, respectively. The
parameter 𝑎0 was modified from 0.00 (PBE) to 0.50 by steps
of 0.10, going through 0.25 (PBE0).

The solvatochromism in the two families of compounds
under study was assessed by performing single-point cal-
culations at the gas-phase B3LYP geometry on the oligoene
and oligoyne derivatives under the PCM using methylcyclo-
hexane (MCH, 𝜀 = 2.0), tetrahydrofuran (THF, 𝜀 = 7.4),
dichloromethane (DCM, 𝜀 = 8.9), methanol (MeOH, 𝜀 =
32.6), and N,N-dimethylformamide (DMF, 𝜀 = 37.2).

The minimum-energy structure of the TTF-TCB-R
derivatives was calculated by using the B3LYP/6-31G∗∗ level
of theory in gas phase. The lowest-lying singlet excited states
were computed at the TD-DFT level using the list of function-
als previously assessed, under the solvent effects using PCM
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(dichloromethane as a solvent). Only the results for repre-
sentative functionals of pure-GGA (BLYP), hybrid (PBE0),
and long-range corrected (wB97XD) rungs are discussed.
The Λ diagnostic test was calculated as previously described
by measuring the spatial overlap of the occupied-virtual
orbital pair mainly involved in the electronic transition of
interest.

3. Results and Discussion

3.1. Ground State Electronic Structure. The families of oli-
goene (oe-n) and oligoyne (oy-n) derivatives (Scheme 1) were
fully optimized at the B3LYP/6-31G∗∗ level of theory in gas
phase. All the systems present a coplanar structure in which
the N,N-dimethylaniline (DMA), the 𝜋-conjugated bridge,
and the dicyanovinylene (DCV) moiety remain in the same
plane. The electronic structure of these compounds was cal-
culated at the same level of theory, and the frontier molecular
orbital diagrams for oe-1 and oy-1, as representative examples
of the two families, are depicted in Figure 1. The highest-
occupied molecular orbital (HOMO) and HOMO − 1 are 𝜋-
orbitals mostly delocalized along the whole structure, with
certain contribution of the N lone pair (see Figure 1 for
the topology of the MOs for oy-1). The lowest-unoccupied
molecular orbital (LUMO) is also a 𝜋-type orbital, which
spreads along the 𝜋-structure of the system. Interestingly, the
HOMO tends to localize in the donor DMAmoiety, whereas
the LUMO is mainly located on the acceptor DCV fragment.
The electronic promotion of one electron from the HOMO
(in the donor) to the LUMO (in the acceptor) leads to the
so-called charge-transfer (CT) electronic transition, which
is commonly found in the low-energy range. The LUMO +
1 orbital is computed to be highly localized in the benzene
moiety; indeed, it corresponds to one of the LUMOs of a
benzene molecule (Figure 1). The position of this orbital
with respect to higher LUMOs varies upon increasing the
𝜋-conjugated bridge. For instance, in the eo-n family, the
LUMO + 1 of oe-2 and oe-3 is computed to be a 𝜋-orbital
highly delocalized along the whole system, as well as that
found for oy-2 and oy-3 in the oy-n family.

A rough measure of the position of the CT electronic
transition is the HOMO-LUMO gap. Figure 2 displays the
HOMO-LUMO energy gap evolution as a function of the
bridge size. Upon increasing the ethylene bridge length going
fromoe-1 to oe-3, theHOMOconsistently increases in energy
from −5.49 to −5.17 eV, whereas the LUMO decreases from
−2.52 to −2.79 eV. As a consequence, the H-L gap is reduced
upon increasing the bridge size, and for oe-3 it is computed to
be the smallest in the series at 2.38 eV. This trend agrees with
the experimental evolution of the lowest-lying absorption
band, which is recorded to move from 2.77 eV in oe-1 to
2.30 eV in oe-3 [12]. Moving to the oligoyne family, a similar
behaviour is predicted for the LUMO energy. However, an
increase in the 𝜋-conjugation of the bridge is not translated
into an increase in the HOMO energy, which is computed
to be around 5.6 eV along the whole family (Figure 2). The
nature of the acetylene bridge implies a reduced number
of antibonding interactions upon increasing the bridge size
compared to the ethylene bridge. Nevertheless, the H-L gap
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Figure 1: Frontier molecular orbital (MO) diagram of two repre-
sentative compounds of the oligoene (oe-n) and oligoyne (oy-n)
families. The topology of the frontier MOs is depicted in the case
of oy-1. The H stands for HOMO whereas L stands for LUMO.
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Figure 2: HOMO-LUMO gap evolution upon increasing the length
and changing the type of the 𝜋-conjugated bridge.

is reduced in the oy-n family going from oy-1 to oy-3, for the
latter being computed at 2.48 eV.

In order to analyse the effect of the geometry in the
prediction of the lowest-lying CT electronic transition, two
levels of theory were employed for obtaining the minimum-
energy structure in the two families of compounds under
study: theDFT-basedB3LYP functional and the ab initioMP2
method.TheDFTmethodology, especially when appliedwith
hybrid functionals of the type of B3LYP, tends to provide
structures unrealistically delocalized. It is well known that
B3LYP underestimates the bond length alternation (BLA) of
𝜋-conjugated systems, showing large errors in the prediction
of conjugation-dependent properties such as in vibrational
or Raman spectroscopy [59–62]. In this regard, the Møller-
PlessetMP2 approach usually offers high-quality BLA values,
and stands as a reference for obtaining reliable geometries of
polyconjugated systems [63]. Table 1 summarizes the main
geometry parameters of the donor-acceptor compounds
under study, that is, the bond length alternation and the
pyramidalization of the N atom in the N,N-dimethylaniline
group.
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Table 1: Characteristic geometry parameters of the fully optimized structures using B3LYP and MP2 compared to the lowest-lying CT
electronic transition. See Scheme 2.

B3LYP geometry MP2 geometry 𝑆1,expcC-N-C-Ca BLAb 𝑆1c 𝑓 C-N-C-Ca BLAb 𝑆1c f
oe-1 180 0.059 3.03 1.254 148.7 0.078 3.04 1.096 2.77d
oe-2 180 0.058 2.71 1.587 146.9 0.075 2.73 1.370 2.39d
oe-3 180 0.057 2.46 1.880 145.5 0.073 2.50 1.636 2.30d
oy-1 180 0.098 2.97 1.048 148.4 0.112 2.96 0.892 2.60e
oy-2 180 0.104 2.61 1.128 147.4 0.115 2.63 0.993 2.42d
oy-3 180 0.105 2.34 1.077 147.0 0.116 2.31 0.944 2.30d
aThe pyramidalization of the amine group is measured by the dihedral angle C1-N1-C2-C3 (in degrees). bThe bond length alternation (BLA, in Å) is computed
as described in Section 2.The calculation of the BLA for oe-1 is exemplified in the graph. cTheoretical (𝑆1) and experimental (𝑆1,exp) energy of the lowest-lying
CT electronic transition (in eV). dData extracted from [12]. eData from [23].

The B3LYP functional predicts in all structures that the
amine group is perfectly planar asmeasured by the character-
istic C-N-C-C dihedral angle of 180∘ (see Table 1). However,
the MP2 geometries indicate pyramidalization of the amide
group to some extent. In fact, the C-N-C-C dihedral angle
tends to decrease upon increasing the size of the𝜋-conjugated
bridge. In the oligoene family, this effect rapidly converges
and, therefore, the reduction of the dihedral is computed of
only 1∘ moving from oe-2 to oe-3. Otherwise, the increase
in pyramidalization is computed to be almost negligible in
the oligoyne family, with similar trends to those found for
oligoenes (Table 1).

The BLA values computed for the B3LYP geometries
were found to be smaller compared to those obtained from
the MP2 geometries, as expected. In the oligoene family,
the BLA values are computed in the 0.064–0.057 Å range at
the B3LYP geometries and are predicted to decrease upon
increasing the bridge length. A similar trend is obtained for
the MP2 geometries but with larger nominal values of BLA
(range of 0.081–0.073 Å). An opposite trend is predicted for
the oligoyne family. For example, the BLA value goes from
0.098 Å in oy-1 to 0.105 Å in oy-3 at the B3LYP geometries.
This trend, however, does not imply that the triple bonds
strengthen and the single bonds weaken upon increasing the
bridge length. A careful inspection of the bond distances
showed that triple bonds lengthen whereas the single bonds
of the bridge shorten as a consequence of the increased 𝜋-
conjugation going from oy-1 to oy-3. By subtracting the last
single/double bond (vinylene) grouping in the calculation of
the BLA, the expected reduction is obtained: from 0.182 in
oy-1 to 0.149 in oy-2 and to 0.134 Å in oy-3.

TD-DFT calculationswere performed for the two families
of compounds at the B3LYP/6-31G∗∗ level of theory in
gas phase. Despite the noticeable differences predicted in
the minimum-energy structure between the two approaches
(B3LYP and MP2), practically negligible effect is found in
the lowest-lying CT electronic transition energies (Table 1).
Among the whole list of compounds, the largest difference
between the B3LYP and MP2 geometries is found to be
of only 0.04 eV in the case of oe-3. Oscillator strengths
are computed to be slightly lower in the case of the MP2
geometries.The theoretical excitation energies largely deviate
from the experimentally reported CT band in the oligoene

and oligoyne push-pull families, with an error of ≈0.4 eV for
the poorest performance obtained in oy-1 (Table 1).We hence
conclude that there is a noticeable effect on the minimum-
energy structure coming from optimizations using different
approaches (DFT versus MP2). However, these differences
do not impact the prediction of the absorption features
for the push-pull chromophores under study. The adequate
choice of the functionalmust be key for calculating predictive
energies for the CT electronic band in these DMA-𝜋-DCV
chromophores.

3.2. DFT Performance. The performance of a set of func-
tionals was therefore assessed in order to find an accurate
yet affordable approach to tackle the prediction of the
most important CT bands in push-pull chromophores of
increasing size. The set of functionals was divided according
to the following rungs: the pure-GGA functionals BLYP and
PBE, the hybrid exchange-correlation functionals B3LYP and
PBE0, the hybrid meta-GGA M06-2X, the range-separated
HSE03, and the long-range corrected CAM-B3LYP and
wB97XD. The reference values for the CT electronic transi-
tion were obtained from the experimental data reported by
Diederich and coworkers [12, 23].

The mean absolute deviation (MAD) calculated for the
different functionals along the two families of compounds
showed unexpectedly that the pure-GGA functionals per-
formed the best with a MAD of 0.11 eV for both BLYP and
PBE. Otherwise, the MAD obtained for the hybrid analogues
was computed to be 0.22 and 0.29 eV for B3LYP and PBE0,
respectively. The range-separated HSE03 behaved similarly,
with a MAD value of 0.23 eV. Finally, the performance of
the hybrid meta-GGAM06-2X and the long-range corrected
CAM-B3LYP and wB97XD was found to be very poor, with
MAD values of 0.51, 0.54, and 0.59 eV, respectively.

Due to this unexpected performance in the different
rungs of density functionals, we analysed the effect of
the solvation by using two different solvent models: the
polarizable continuum model (PCM) and the solvent model
based on solute density (SMD), using dichloromethane as a
solvent. After the inclusion of the solvent effects, the MAD
of the pure-GGA functionals turned out to increase up to
0.33 eV for BLYP and 0.34 eV for PBE. Interestingly, the
hybrid functionals improved their performance with a MAD
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Figure 3: Signed deviation of representative pure-GGA, hybrid,
and long-range corrected density functionals (using PCM and
dichloromethane) in the prediction of the lowest-lyingCT electronic
excitation 𝑆1 with respect to the experimental value.

of 0.11 eV for B3LYP and the lowest MAD along the set of
0.08 eV for PBE0. The HSE03, M06-2X, and the long-range
corrected CAM-B3LYP and wB97XD also improved their
performance compared to gas phase calculations, with MAD
values of 0.12, 0.20, 0.23, and 0.28 eV, respectively. Figure 3
summarizes the absolute deviations for representative func-
tionals of the pure-GGA, hybrid, and long-range corrected
rungs along the list of chromophores studied. In general,
pure-GGA functionals underestimate the lowest-lying CT
excitation, whereas the hybridmeta-GGA and the long-range
corrected functionals overestimate it. This will be further
analysed in terms of the percentage of the exact Hartree-
Fock exchange below. The mean absolute deviations of the
different rungs of functionals by using the SMD solvent
model remained practically unchanged but with a small
increase of the nominal error. Exceptions to this were the
functionals M06-2X and CAM-B3LYP, whose performance
improved with a MAD reduction of 0.03 eV. The effect of the
solvent is therefore key for achieving a correct behaviour of
the functional performance attending their rungs, although
long-range corrected functionals should, in principle, predict
the best CT energetics. This solvent effect is effectively
captured by the two solvent models employed and will be
consistently included by PCM hereafter.

The effect of the size and nature of the bridge was further
analysed by comparing the different functionals of the set.
In the oligoene family, an increase in the bridge size did not
produce a trend in the performance of the list of functionals
assessed (see Figure 3 for the case of BLYP, PBE0, and
wB97XD). In this family, the signed deviations for the best
performing PBE0 functional were computed to be 0.01, 0.06,
and −0.09 eV going from oe-1 to oe-2 and to oe-3. Otherwise,
for the oligoyne family, the PBE0 signed deviations were
calculated from +0.12 to −0.19 eV along the oy-n systems.
The same behaviour was predicted in all the functionals.This
trend suggests that, upon increasing the acetylene bridge,
the DFT functionals underestimate progressively the CT
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Figure 4: Signed deviation of the PBE family of functionals in the
prediction of the lowest-lying CT state of oe-n as a function of the
% exact HF exchange.

excitation energy with respect to the experimental data. We
postulate that the different type of 𝜋-conjugated bridge is
important in the accurate prediction of the CT band by
DFT. As widely recognised in the literature, CT excitations
with low overlap between the orbitals participating in the
transition are poorly described by conventional functionals
[39]. This should in principle be solved by the long-range
corrected functionals, which seems to be the case only for
the oy-n family: upon increasing the bridge length, a slight
improvement in the performance of long-range corrected
functionals is found (Figure 3).

We envisaged that the amount of the Hartree-Fock (%
HF) exchange in the definition of the functional is key for
the accurate prediction of the lowest-lying CT electronic
transition. The expression for the widely used B3LYP and
PBE0 functionals was employed to systematically increase the
% HF exchange going from 0 to 50% (see Section 2). TD-
DFT calculations were performed for both families of DMA-
𝜋-DCV chromophores using variable % of the HF exchange
in the B3LYP and PBE0 expressions (see Figure 4 for the
case of the PBE series in oe-n). The evolution found was that
one would expect. For the PBE series, the mean deviation
(MD) at 0% HF (i.e., the PBE functional) is −0.34 eV (MAD
= 0.34 eV), according to what was previously obtained for
the pure-GGA PBE. Moving to higher values of % HF, the
CT transition is predicted at larger energies and the MD
reaches a value of +0.30 eV at 50% HF (MAD = 0.30 eV).
In between, we find that the best performance is obtained
for 25 and 30% of the HF exchange with a MAD value of
0.09 eV (see Figure 4). Interestingly, the amount of the % HF
exchange included in the original definition of the hybrid
PBE0 functional (25%) offers one of the best results in the
prediction of the lowest-lying CT band for the DMA-𝜋-DCV
chromophores. The trends obtained for the PBE series are
mirrored in the BLYP series. In this case, the BLYP with an
amount of 30% HF is found to provide the best MAD value
of 0.09 eV along the series.
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Table 2: Donor-acceptor distance d (in Å), Λ diagnostic test, and
PBE0 absolute error (in eV) in the prediction of the lowest-lying CT
electronic transition.

Compound 𝑑a Λ index PBE0 error
oe-1 9.12 0.685 0.01
oe-2 11.59 0.697 0.06
oe-3 14.07 0.697 −0.09
oy-1 9.09 0.640 0.12
oy-2 11.72 0.605 −0.06
oy-3 14.27 0.582 −0.19
aDonor-acceptor distance measured as the distance between N1 and C4 (see
Table 1 for numbering).

The effect of the orbital overlap in the CT electronic tran-
sition was examined by calculating the Λ diagnostic test as
detailed in Section 2. Table 2 summarizes the donor-acceptor
distance and the Λ index compared to the signed deviation
of the best performing PBE0 functional upon increasing the
bridge length. In the oligoene family, the orbital overlap
between the HOMO and LUMO is unexpectedly preserved,
or even increased, upon increasing the ethylene bridge length.
This is evidenced by the Λ index, which is computed in the
0.68–0.70 range along oe-1 to oe-3. Therefore, an increase in
the ethylene bridge does not imply a decrease in the HOMO-
LUMOoverlap, which is in line with the delocalized nature of
the orbitals involved in these systems. The absolute value of
the Λ index for the oligoene family of compounds lies in the
region where the hybrid functionals still perform well for CT
excitation energies [39]. Although the distance between the
donor and acceptor defined by the separation betweenN1 and
C4 (see Table 1) significantly increases going from oe-1 to oe-
3, the performance of the PBE0 functional is barely affected.
The PBE0 signed deviation of PBE0 in oe-3 is computed
to be −0.09 eV, which does not correlate with the larger
Λ index compared to oe-1. Experimental deviations in the
reference value for the CT transition in this compound may
be the origin of this unexpected underestimation. Moving
to the oligoyne compounds, the Λ index is computed to
reduce from 0.64 to 0.58 upon increasing the acetylene
bridge from oy-1 to oy-3. This is reflected by the PBE0
performance on the CT energetics, with a signed deviation
that moves from +0.12 to −0.19 (Table 2). This trend is in
line with the underestimation of the CT excitation energy
by common functionals when the spatial overlap between
the participating orbitals in the transition decreases. Still,
however, the Λ index for the CT electronic transition of the
oligoyne family is also in an acceptable range for obtaining
good predictions with conventional hybrid functionals; in
fact, the maximum absolute deviation is computed to be
lower than 0.20 eV in the case of the largest bridge-containing
oy-3. In comparison with the oligoene series, the C≡C bridge
in the oligoyne family separates the donor and acceptor
moieties to a similar extent. This separation might be viewed
as a reason for the underestimation of the CT band by PBE0
going from oy-1 to oy-3. However, the over/underestimation
of the lowest-lying CT transition originates from the orbital
overlap and, therefore, is reflected by the Λ index.

Table 3: Solvatochromism in the two DMA-𝜋-DCV families for
five selected solvents. CT excitation energies (in eV) are shown
as calculated at the PBE0/6-31G∗∗ level of theory using the PCM
solvent model.

𝜀 MCH THF DCM MeOH DMF Δ𝐸solva2.0 7.4 8.9 32.6 37.2
oe-1 2.84 2.79 2.78 2.80 2.76 0.08
oe-2 2.52 2.46 2.45 2.47 2.43 0.08
oe-3 2.27 2.22 2.21 2.22 2.19 0.08
oy-1 2.80 2.73 2.72 2.72 2.69 0.10
oy-2 2.45 2.37 2.36 2.36 2.33 0.12
oy-3 2.21 2.12 2.11 2.11 2.09 0.12
aThe largest CT excitation energy difference is calculated between solvents
MCH and DMF to measure the amount of solvatochromism between the
different chromophores as a function of the bridge length and nature.

Optical linear and nonlinear properties of common
push-pull molecules mostly depend on the polarizability
of the electrons localized in 𝜋-bonding molecular orbitals.
Although the polarizability of a molecule is mainly given by
its chemical structure, in particular by the length of the 𝜋-
conjugated spacer and the electronic nature of the donors and
acceptors attached, it can also be affected by external factors
such as the strength of radiation and state of matter and in
solution also by the solvent used. We have shown above that,
by including the solvent effect through a continuum model,
accurate CT excitation energies for the widely used hybrid
functionals are obtained. The solvatochromism of the most
relevant low-lying CT electronic transition in the oligoene
and oligoyne families of compounds is investigated using
the best performing PBE0 functional by means of the PCM
solvent model with the following solvents: methylcyclohex-
ane (MCH, 𝜀 = 2.0), tetrahydrofuran (THF, 𝜀 = 7.4),
dichloromethane (DCM, 𝜀 = 8.9), methanol (MeOH, 𝜀 =
32.6), and N,N-dimethylformamide (DMF, 𝜀 = 37.2).

Table 3 summarizes the excitation energies calculated
for the lowest-lying CT transition along the oligoene and
oligoyne chromophores. In the oligoene family, the CT
electronic transition moves to lower energies upon going
from solvents with low to high dielectric constant (Table 3).
The largest difference (Δ𝐸solv) is predicted between theMCH
and DMF solvents, which gives a red shift of 0.08 eV for oe-
n. The same behaviour is found in the oligoyne series, but
now the solvatochromism is predicted to be larger, with a
Δ𝐸solv value that increases from 0.10 in oy-1 to 0.12 oy-3
upon increasing the bridge size. Interestingly, the evolution
of the Δ𝐸solv matches the trends described for the Λ diag-
nostic test, which is a direct measure of the HOMO-LUMO
spatial overlap. Whereas in the oligoene family both HOMO
and LUMO largely overlap, the lower 𝜋-conjugation of the
acetylene bridge in the oligoyne family disfavours this overlap
upon increasing the bridge size and, as a consequence, the
solvatochromism is found to be more pronounced. Figure 5
displays the solvatochromism calculated for the oy-3 chro-
mophore suggesting that the change in solvent should not
impact significantly the intensity of the most relevant CT
band. Discrete solvent-solute interactions might however
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Figure 5: Convoluted absorption spectra in the region of the lowest-
lying CT electronic transition calculated at the PBE0/6-31G∗∗ level
using PCM and a variety of solvents for the oy-3 chromophore. A
full width at half maximum of 0.20 eV was used in the Gaussian
functions for the convolution.

lead to slight intensity dependence, which is out of the scope
of the present study.

3.3. The Case of the TTF-TCB-NMe2. Despite the great suc-
cess and appealing properties of planar push-pull chro-
mophores such as the oligoene oe-n and oligoyne oy-n
families, great effort has been devoted to the synthesis of
nonplanar charge-transfer chromophores that exhibit desir-
able physical properties compared to their planar counter-
parts: they are usually more soluble, less aggregating, and
more readily sublimable, forming amorphous rather than
crystalline films for potential use in optoelectronic devices.
A TTF-based derivative was recently synthesized contain-
ing a tetracyanobutadiene moiety (TTF-TCB-H, Scheme 1).
This compound was demonstrated to exhibit a moderately
intense, broad charge-transfer band in the 700–900 nm range
originated by one-electron promotion from the TTF to the
TCB unit. The substitution of the H in para position of the
benzene ring by N,N-dimethylaniline (DMA) group led to
a compound (TTF-TCB-NMe2, Scheme 1) preserving the
TTF → TCB CT band together with the emergence of a
new highly intense, sharp CT transition in the region of
450–550 nm. This system constitutes a great example to
test the performance of a set of density functionals for the
prediction of its two low-lying CT bands located separately,
with different relative intensities and nature.

The minimum-energy structure of TTF-TCB-H and
TTF-TCB-NMe2 was calculated at the B3LYP/6-31G∗∗ level
of theory in gas phase. These two chromophores show
spatial disposition highly distorted from planarity due to
the steric hindrance promoted by the tetracyanobutadiene
linker. In fact, the two donor moieties (DMA and TTF) are
practically perpendicular through the 𝜋-conjugated path (see

Figure 6(a) for the case of TTF-TCB-NMe2). This confor-
mation leads to partial breaking of the 𝜋-conjugation and
provokes highly localizedmolecular orbitals.The reliability of
the theoretical minimum-energy geometries was confirmed
by the good accord of the TTF-TCB-H structure with the
available X-ray crystallographic data [11].

The electronic structure of the two push-pull systems
was analysed on the minimum-energy geometries previously
optimized. Theoretical calculations on the TTF-TCB-NMe2
indicate that the highest-occupiedmolecular orbitals HOMO
and HOMO − 1 are mostly localized on the donor TTF and
DMA moieties, respectively, with a minor contribution of
the TCB acceptor bridge. Otherwise, the lowest-unoccupied
molecular orbitals LUMO and LUMO+ 1 are highly localized
on the TCB fragment, spreading slightly to the TTFmoiety in
the case of LUMO and to the DMA in the case of LUMO +
1 (Figure 6(b)). For TTF-TCB-H, both HOMO and HOMO
− 1 are localized on the TTF moiety, whereas LUMO and
LUMO + 1 are in the TCB unit. TDDFT calculations were
preliminarily performed at the B3LYP/6-31G∗∗ level to iden-
tify the most characteristic transitions that lead to the optical
features of TTF-TCB-NMe2. The one-electron promotion
from the HOMO to the LUMO is responsible for the singlet
𝑆1 CT state, which is experimentally recorded at ca. 700 nm
(1.77 eV) [11], and reasonably agrees with the HOMO-LUMO
gap calculated at 2.05 eV.The intense CT band experimentally
recorded at 450 nm (2.76 eV) corresponds however to the
electron promotion from the HOMO − 1 to the LUMO + 1,
in which the energy difference is calculated to be 3.06 eV at
theB3LYP/6-31G∗∗ level.This electronic excitation belongs to
the singlet 𝑆5 excited state and is computed with an oscillator
strength (𝑓) of 0.744. Energetically in between are calculated
states 𝑆2, 𝑆3, and 𝑆4, which correspond to weakly intense (𝑓 <0.012) CT (𝑆2 and 𝑆3) and TTF-centred (𝑆4) transitions. For
TTF-TCB-H, no intense electronic excitations are predicted
in the region of 500 nm, in good accordwith the experimental
evidence [11].

The spatial overlap of the two characteristic charge-
transfer electronic transitions in TTF-TCB-NMe2 was calcu-
lated to anticipate the performance of conventional density
functionals in their prediction. The Λ index of the TTF →
TCB transition (𝑆1) is calculated at 0.42 in TTF-TCB-H and
0.46 in TTF-TCB-NMe2. Despite being very similar, theoret-
ical calculations indicate that the inclusion of theDMAgroup
slightly favours the overlap between the two orbitals (HOMO
and LUMO) participating in the lowest-lying CT excitation.
The Λ index for the low-lying DMA → TCB CT transition
(𝑆5) is computed to be higher, at 0.62 for TTF-TCB-NMe2,
suggesting a moderate spatial overlap between the DMA
and TCB-centred molecular orbitals (Figure 6(b)). Λ values
for both 𝑆1 and 𝑆5 electronic transitions suggest that hybrid
functionalsmight provide a reasonably good performance for
these CT states.

In order to analyse the performance of different density
functionals in the prediction of the two characteristic CT
electronic transitions of TTF-TCB-NMe2, we selected the
BLYP, PBE0, and wB97XD as representative functionals of
pure-GGA, hybrid, and long-range corrected rungs. Solvent
effects were included within the PCM model and using
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Figure 6: (a) Minimum-energy geometry of TTF-TCB-NMe2 calculated at the B3LYP/6-31G∗∗ level of theory in gas phase. Colouring: S
atoms in yellow, C atoms in green, and N atoms in blue. (b) Frontier molecular orbital topologies calculated at the same level using an
isovalue of 0.03.

Table 4: Donor-acceptor distance d (in Å), Λ index, and signed deviations (in eV) of three representative density functionals compared to
the absolute experimental values of the low-lying CT electronic transitions 𝑆1 (TTF→ TCB) and 𝑆5 (DMA→ TCB).

𝑑a Λ Signed deviation Experimental CT band (eV)
BLYP PBE0 wB97XD

TTF-TCB-H (𝑆1) 5.19 0.42 −0.64 −0.10 0.59 1.61
TTF-TCB-NMe2 (𝑆1) 5.20 0.46 −0.54 −0.07 0.59 1.69
TTF-TCB-NMe2 (𝑆5) 6.06 0.62 −0.05 0.29 0.56 2.64
aThe donor-acceptor distance (in Å) is measured as the distance between the C1-C2 centroid and the C3-C4 centroid for 𝑆1 and between the N1 and the C3-C4
centroid for 𝑆5 (see Figure 6(a) for numbering).

dichloromethane. Table 4 summarizes the signed errors of the
three functionals on the two intense CT transitions compared
with the experimental data.

The lowest-lying CT electronic transition, recorded at
1.61 eV experimentally, is well predicted by hybrid function-
als as PBE0 in both compounds TTF-TCB-H and TTF-
TCB-NMe2, with absolute deviations as small as −0.10 and
−0.07 eV, respectively. Similar performance was confirmed
by the B3LYP functional, with errors of −0.20 and −0.16 eV.
Otherwise, pure-GGA BLYP functional behaves poorly, with
large deviations of −0.64 and −0.54 eV for TTF-TCB-H and
TTF-TCB-NMe2, respectively, compared with the reference
data (Table 4). Surprisingly, and in line with what is already
found in oligoene and oligoyne derivatives, the long-range
corrected wB97XD performs as bad as BLYP, in this case with
positive deviations of 0.59 eV.The spatial overlap between the
orbitals participating in 𝑆1 (HOMO → LUMO) is therefore
large enough for using hybrid functionals, which in fact
outperform other types of density functional rungs.

Moving to the low-lying CT transition 𝑆5 originated
by the donor DMA → acceptor TCB electron promotion,
the hybrid PBE0 functional provides an absolute deviation
of 0.29 eV. The long-range corrected wB97XD performs
again poorly, with a deviation of 0.56 eV compared with
the experimental reference (Table 4). For this electronic
transition, the pure-GGA BLYP outperforms the rest of the
rungs, with a signed deviation of only −0.05 eV. The Λ
diagnostic test for this excitation was computed to be as
large as 0.62 and, therefore, falls into the range for which
pure-GGA might provide accurate electronic excitations of

CT nature. However, as already predicted in the linear DMA-
𝜋-DCV chromophores, pure-GGA functionals performed
with absolute deviations larger than 0.2 eV for the donor→
acceptor, DMA → DCV transition, with Λ indexes ranging
from 0.58 to 0.70 (Figure 3 and Table 2).

Theoretical calculations were carried out for the TTF-
TCB-NMe2 system by removing the donor TTF unit (DMA-
TCB) [8]. This compound was reoptimized, and TDDFT
calculations were performed at the same level of theory.
Signed deviations on the lowest-lying CT electronic transi-
tion 𝑆1 were computed for the BLYP and PBE0 functionals.
Whereas the hybrid PBE0 functional performs with an error
of −0.42 eV, similarly as previously obtained for the DMA→
TCB transition in TTF-TCB-NMe2, the pure-GGA predicts
an excitation energy that largely deviates from the reference
(error of −0.58 eV). In fact, a Λ index of 0.50 is calculated for
this transition, which rules out a possible lowoverlap between
the orbitals involved in the excitation. These results point to
an error compensation in the case of pure-GGA functionals
that lead to an abnormal small error in the prediction of the
low-lying CT DMA→ TCB band for TTF-TCB-NMe2.

4. Conclusions

Herein, we report on the optical features of a list of push-
pull chromophores based on the donor N,N-dimethylaniline
and acceptor dicyanovinylene moieties through calculations
using density functional theory. Focus has been made on the
performance of different rung of density functionals in pre-
dicting the lowest-lying charge-transfer electronic excitation.
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The comparison of two families of linear chromophores,
oligoenes versus oligoynes, allowed disentangling the effect of
the type and size of the𝜋-conjugated bridge that separates the
donor and acceptor fragments. An increase of the ethylene
bridge in oligoenes was shown to infer a reduction of the
HOMO-LUMO gap, with a direct consequence on the ener-
getics of the lowest-lying CT electronic transition. Similarly,
increasing the acetylene bridge in oligoynes led to a decrease
in the gap, but only as a consequence of the stabilization of the
LUMO orbital. The Λ diagnostic test revealed that oligoenes
provide a large overlap between the orbitals participating
in the CT transition, and this overlap is maintained upon
increasing the bridge length. Contrarily, an increase in the
acetylene bridge length leads to systematic lowering of the
donor-acceptor orbital spatial overlap due to its poorer 𝜋-
communication compared with the ethylene bridge. Among
the different rungs of density functionals assessed, the hybrid
exchange-correlation functionals (B3LYP and PBE0) showed
the most promising results in the prediction of the low-lying
CT bands, with absolute deviations of <0.20 eV. Surprisingly,
long-range corrected functionals provided large errors of
>0.20 eV in all cases. The percentage of exact Hartree-Fock
exchange in the definition of the functionalwas demonstrated
to dramatically affect the CT excitation energy, which showed
a very good balance in the case of the best performing PBE0.
The solvatochromism in the oligoene and oligoyne push-
pull systems was confirmed by making use of a continuum
solvent model, with a red shift of the characteristic CT
band upon increasing the dielectric constant of the solvent.
This effect was predicted to be larger in the family of
the oligoynes chromophores presumably due to the larger
localization of the HOMO and LUMO in the donor and
acceptor moieties, respectively. The donor-acceptor-donor
nonplanar TTF-TCB-NMe2 chromophore was finally used as
a test compound, providing two CT bands of different nature
and situated at different range of energy in the absorption
spectrum. Again, hybrid density functionals showed the
best consistent performance in the prediction of both the
TTF → TCB and DMA → TCB charge-transfer bands.
Long-range corrected functionals systematically led to large
positive deviations for the CT energetics and are therefore
not recommended for use in this (and related) family of
compounds.
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[29] R. Garćıa, M. Á. Herranz, M. R. Torres et al., “Tuning the
electronic properties of nonplanar exTTF-based pusha-pull
chromophores by aryl substitution,” The Journal of Organic
Chemistry, vol. 77, no. 23, pp. 10707–10717, 2012.

[30] P.-A. Bouit, L. Infantes, J. Calbo et al., “Efficient light har-
vesters based on the 10-(1,3-dithiol-2-ylidene)anthracene core,”
Organic Letters, vol. 15, no. 16, pp. 4166–4169, 2013.
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