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Systematically varying the optical gap that is associated with charge-transfer excitations is an important step in the design of light-harvesting molecules. So far the guidance that time-dependent density
functional theory could give in this process was limited by the traditional functionals’ inability to
describe charge-transfer excitations. We show that a nonempirical range-separated hybrid approach
allows to reliably predict charge-transfer excitations for molecules of practically relevant complexity.
Calculated absorption energies agree with measured ones. We predict from theory that by varying the
number of thiophenes in donor-acceptor-donor molecules, the energy of the lowest optical absorption
can be tuned to the lower end of the visible spectrum. Saturation sets in at about five thiophene rings.
© 2011 American Institute of Physics. [doi:10.1063/1.3581788]
Harvesting solar energy in organic electronic devices
is an attractive option for satisfying future energy needs.
An important aspect of such devices is to capture as large
a part of the solar spectrum as possible and use the corresponding energy for charge separation. Therefore, systems
in which the energy of optically active excitations with
considerable charge-transfer (CT) character can be tuned in
a well controlled way are of great interest. Synthesizing such
systems can be a challenge, therefore a priori guidance from
theory is highly desirable. Density functional theory (DFT)
and time-dependent density functional theory (TDDFT)
are generally very popular for computational studies of
electronic systems due to their favorable ratio of accuracy
to computational load.1 However, in the past TDDFT has
become (in)famous for its inability to accurately predict CT
excitations.2, 3 Theoretically, the reason for this deficiency
is well understood.4, 5 Commonly used functionals lack the
steplike structures in the exchange-correlation (xc) potential
that reflect particle-number discontinuities. The latter are a
property of the exact time-dependent xc potential,6 but are
not reproduced by standard functionals.
Orbital functionals incorporate particle number discontinuities by construction7 and, therefore, offer the potential to
describe CT excitations with TDDFT. However, achieving the
subtle balancing of self-interaction errors that is necessary for
a quantitatively correct description of the above-mentioned
steplike structures is a difficult task.8 Based on the rangeseparated hybrid functional idea that has proved a quite
successful development in general,9–14 a functional has recently been devised15 based on two fundamental ideas. First,
the range separation parameter must be system dependent
and second, this system dependence can be determined in a
nonempirical way by ensuring that the functional consistently
agrees as close as possible with Mulliken’s rule.16, 17
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In previous studies, the new approach (there and in the
following termed γ BNL functional) was applied to model
systems with an emphasis on excitations of long-range CT
character. However, from a light-harvesting perspective one
is interested in excitations that can be excited optically. In
this paper we show that the γ BNL functional works reliably in the practically most important case of excitations between closely connected molecular subunits and excitations
of mixed valence and CT character that carry appreciable oscillator strength.
We calculated the photoresponse of a series of donor–
acceptor systems carrying thiophenes as donor and naphthalene diimide (NDI) as acceptor. For some of the molecules
we could compare the theoretical results to recently measured experimental data.18 Close agreement between theory
and experiment is obtained. We demonstrate that the absorption energy can indeed be changed in an appreciable energy
range by extending the donor parts of the molecules, and we
theoretically predict the limit of how much the absorption
energy can be modified in this way. With five thiophenes the
lower end of the visible range is reached.
We study the molecules N , N-diisopropyl-2,6-di(x)
naphthalene-1,4,5,8-tetracarboxylic acid diimide (x stands
for 1: thiophen-2-yl, 2: α-bithiophen-5-yl, etc. up to αseptithiophene) which we abbreviate as NDI-x in the following. Their structure is schematically depicted in Fig. 1. We
calculated the molecular geometry by minimizing the groundstate energy using the B3LYP functional19 and the def2-SV(P)
basis set. B3LYP is known to yield reliable geometries for organic systems. However, we also checked the influence that
using a different functional and basis set for the geometry
optimization has on the excitation energies that are reported
below. If the geometry is optimized using the PBE-GGA
(Ref. 20) the B3LYP excitation energies change by 0.1 eV and
if we use the def2-TZVP basis set, they change by 0.03 eV.
Thus, the results are rather robust.
The NDI-x system is of practical interest because the
lowest excitation energy of NDI-x is in the visible range and
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FIG. 1. Structural formula of NDI and NDI-x.

has CT character. The CT character is visible in standard
linear response TDDFT by looking at the particle-hole
amplitudes of the excitation of interest. For example, for
NDI-3 with B3LYP the excitation is dominantly (with an amplitude of 0.997) a transition from the HOMO to the LUMO.
Inspecting these orbitals, shown in Fig. 2, clearly reveals
the CT character of the corresponding excitation. However,
it also shows that there is an appreciable overlap between
the orbitals, making this a more complicated situation than
the very long-range CT excitations which are frequently
discussed in TDDFT literature7, 21 and for which bare exact
exchange can be sufficient. As shown in detail below, the
NDI-x excitation carries appreciable oscillator strength.
Another aspect which makes the situation that we study
here more complicated, but also more interesting, is the
fact that NDI-x is not just a donor–acceptor system, but
a donor-acceptor-donor arrangement. Combining alternating
donor and acceptor units is one of the strategies for designing low band gap materials. This strategy has been successfully utilized to harvest the solar spectrum efficiently.22–24
Polymers based on NDI and thiophene units are known compounds for the use as electron acceptor (n type) materials.
Such polymers have shown high electron mobilities up to

FIG. 2. Plot of HOMO and LUMO for NDI-3. The plots were obtained
from DFT calculations with the γ BNL functional, see text. Orbitals from
the B3LYP functional look almost identical.
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0.8 cm2 /Vs in organic field effect transistors.25 A decisive
question is the strength of the donor unit (i.e., the number
of thiophene units) which is ideal for obtaining the maximum red-shift of the absorption band in the resulting donor–
acceptor polymer.
In our study the conjugated electronic system of the
donor subunits is varied by varying the number of thiophenes.
As this changes the energy of the lowest optical absorption, NDI-x molecules with varying x absorb light at different wavelengths. Combining them in a device may thus allow to absorb a broader part of the electromagnetic spectrum
while still using molecules that are chemically very similar,
the latter being a major advantage for processing and device
building.
It is not a priori clear, though, how much the absorption
energy can be lowered by increasing the number of thiophene
rings. Intuitively one expects that there must be a saturation
effect, but at which extension, i.e., number of thiophene
rings, the saturation sets in is hard to predict on general
grounds. However, as we demonstrate in the following, the
range-separated hybrid functional that we use here allows to
predict it.
For NDI without thiophene donors the spectrum shows
onset of absorption with a clear peak at about 3.25 eV and
vibrational structure at higher energies.18 On going over to
NDI-1 by adding thiophenes the peak structure at 3.25 eV
and higher energies remains, but a new broad peak appears
which is centered around 2.6 eV. Thus, the onset of optical
absorption is shifted to lower energies. In NDI-2 this peak
shifts further to 2.2 eV, i.e., to yet lower energies. This shows
that the absorption can be tuned by increasing the donor system size. It is these low lying absorption peaks in NDI-x that
are of practical interest and which will be the focus of our
theoretical study.
Our calculations were carried out on NDI-x with short
N-alkyl (isopropyl) substituents. We verified that the length
of the N-alkyl substituents does not influence the electronic
excitations. For calculating the absorption spectra of the NDIx systems we adopt a range-separated hybrid functional.16
The physical idea behind this approach is to split the exchange term in a long-range and a short-range part via r −1
= r −1 erf(γ r ) + r −1 erfc(γ r ). The short-range term is treated
by means of a semilocal expression and the long-range
term is treated exactly. Thus, the γ BNL functional does
incorporate exact exchange which will contribute to cancel
the spurious electronic self-interaction that is at the heart of
the CT problems encountered with semilocal functionals.
The range separation parameter γ defines the distance at
which exact exchange becomes dominant, and the choice
of γ is crucial for the quality of the theoretical results. In
previous studies of the γ BNL approach, the most successful
strategy was to adjust γ such that the ionization energy of the
neutral donor and the acceptor anion correspond as close as
possible to the HOMO eigenvalue of the neutral donor and
the acceptor anion, respectively. This appears as a natural
condition when a clear distinction between the donor and
acceptor molecules is possible.
In our present study this is not the case. In NDI-x, one
cannot distinguish unambiguously between donor and accep-
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tor as the constituents are covalently bound and as we are
looking at a donor-acceptor-donor instead of just a donor–
acceptor system. Therefore, we employ a different strategy17
for adjusting γ which works with the molecule as a whole
without the need to specify donor and acceptor. Yet, the fundamental physical principle according to which we adjust γ
remains the same: The highest occupied eigenvalue of DFT
should agree with the first ionization potential as calculated
from total energy differences. For a given value of γ one can
determine how well this condition is satisfied by evaluating
the criterion

 γ
J 2(γ ) = HOMO (N ) + IPγ (N )
 γ

(1)
+ HOMO (N + 1) + IPγ (N + 1) ,
γ

where HOMO is the HOMO energy and IPγ is the ionization
potential of the N and N + 1 electron system, respectively.
The range separation parameter γ is then adjusted in an iterative procedure such that J 2 is minimized for each system. We
stress that this adjustment is a nonempirical step as no experimental or other empirical information enters and as enforcing
Eq. (1) simply amounts to enforce as good as possible an exact
constraint which the ultimate functional would automatically
fulfill.
Following this procedure we have calculated for NDI-1
to NDI-7 the values of γ which minimize J 2 (see Table I).
These were then used in TDDFT calculations of the excitation energies and oscillator strengths. Figure 3(a) shows the
first excitation energies that were obtained in this way with
the J 2-optimized γ BNL functional.26, 34 For the reasons of
clarity only the lowest excitation energy, which is the practically relevant one, is shown for each molecule. The experimentally measured excitation energies for NDI-1 and NDI-2
are marked as vertical lines in the plot.18 The γ BNL results
for NDI-1 and NDI-2 are in good agreement with the corresponding experimental values, underestimating the experiment by about or less than 0.1 eV. A certain underestimation
is plausible27 as the experiments were conducted at room temperature and the calculations assumed 0 K. Thus, these results
show that TDDFT can predict excitations of mixed CT and
valence character with very reasonable accuracy.
The comparison with the lower panel of Fig. 3(b) shows
that this is not a trivial result. Here, the excitations that are obtained from the popular B3LYP functional are shown. Clearly
and as expected,21 B3LYP does not describe the CT excitations properly and the deviation between B3LYP on the one
hand and the γ BNL results and experiment on the other is
growing with increasing system size, i.e., with growing numTABLE I. First row: Range separation parameter γ for NDI-x obtained
from minimizing the J 2 criterion. γ was varied in steps of 0.005 (for NDI6 and NDI-7 in steps of 0.001). Second row: The minimum value of J 2
which was obtained at the end of the γ optimization. Hartree atomic units
are used.
System

NDI-1

NDI-2

NDI-3

NDI-4

NDI-5

NDI-6

NDI-7

γ
J2

0.180
0.0040

0.160
0.0043

0.145
0.0042

0.140
0.0040

0.135
0.0034

0.132
0.0031

0.131
0.0028

oscillator strength

Tailoring the optical gap

oscillator strength

151101-3

(a)

NDI-1
NDI-2
NDI-3
NDI-4
NDI-5
NDI-6
NDI-7

(b)

1.2

NDI-1
NDI-2
NDI-3
NDI-4
NDI-5
NDI-6
NDI-7
1.4

1.6

1.8
2
2.2
2.4
excitation energy [eV]

2.6

2.8

3

FIG. 3. First absorption peaks of the NDI-x systems calculated with linear
response TDDFT. The peaks are broadened by Gaussian functions with a
variance of 0.03 eV. The vertical lines indicate the maxima of the lowest
experimentally observed absorption peaks (Ref. 18). a: γ BNL. b: B3LYP.

ber of thiophene rings. As a further test we have also used the
ωB97 and the ωB97x xc-functionals. For NDI-3, the lowest
excitation is at 2.81 and 2.69 eV, respectively, i.e., at unrealistic energies.
For understanding why the γ BNL approach is able to
predict complicated excitations of mixed valence and CT
character reliably one has to realize the decisive role which
is played by the step in which γ is adjusted to fulfill Eq. (1).
In this step the functional adapts to the system size and the
character of the excitation. One may argue that the adjustment
procedure makes γ a density functional—-though a very implicit and also unfortunately very nonlocal one. This is confirmed by the optimal γ -values for the NDI-x systems that we
report in Table I.
From NDI-1 to NDI-7 the system size increases and γ
decreases. This is understandable as γ indicates the length at
which exact exchange dominates the electron–electron interaction. To conserve the same characteristic balance between
semilocal exchange and exact exchange γ has to increase
from NDI-7 to NDI-1 as the average distance between donor
and acceptor decreases.
The second row of Table I shows the minimum value of
J 2 that was obtained for each system. All values are close
to zero, which indicates that optimizing γ with respect to
the ionization potential theorem is a possible and reasonable
strategy. Furthermore, we note that the minimum values that
we obtain are nearly identical for NDI-1 to NDI-7. Thus, one
can argue that the predictive power of γ BNL does not change
with system size and that the calculated excitation energies of
NDI-3 to NDI-7 can be expected to be of the same quality as
the ones of NDI-1 and -2, which were verified by comparison
with the experiments. Thus, we can use the TDDFT results to
predict how much the lowest optical absorption can be shifted
by adding thiophene rings to NDI.
However, before we do so we have to clarify two additional issues that are relevant for relating the TDDFT results to the experiments. First, we note that the theoretical numbers reported above were obtained for molecules
in vacuum whereas the experimental excitations were
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TDDFT with a range-separated hybrid approach that fulfills the ionization potential theorem as close as possible via
nonempirical adjustment of the range separation parameter.
We showed that the practically relevant excitation in the NDIx systems is predominantly of CT character. Our results are
in agreement with the experimental numbers for NDI-1 and
NDI-2. We predict that the NDI-x systems with up to x=5
rings already allows to cover the absorption up to the lower
end of the visible range. TDDFT emerges as a powerful tool
for helping in the design of light-harvesting molecules.

frist excitation energy [eV]
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γBNL data points
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FIG. 4. Exponential fit of the calculated excitation energies to obtain the
“infinite chain limit” value.
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measured on molecules in a chloroform solution. We
checked the influence of the chloroform solvent on our calculations with TURBOMOLE (COSMO) (Ref. 28) and
QCHEM (CHEMSOL).29 This changed the excitation energies by about 0.01 eV, showing that the solvent influence
on the electronic transitions can here be neglected. Second,
we carefully checked the influence of the basis set. Using
a smaller basis set, e.g., 6-31G(d,p) instead of 6-311G(d,p),
shifts the excitation energies closer to the experimental values by up to 0.07 eV. However, it is the 6-311G(d,p) basis set
which we consider as numerically sufficient and whose numbers we, therefore, report here.
Having thus clarified the reliability of our numbers we finally proceed to investigate how far the lowest absorption of
NDI-x molecules can be shifted to exploit the visible spectrum. Figure 4 shows the lowest absorption energies of the
NDI-x molecules as a function of the inverse number of thiophene rings x. The amount by which the absorption energy
drops on adding another thiophene ring falls off dramatically
from NDI-1 to NDI-7. We extrapolate to the “infinite chain
limit” by fitting an exponential function to the calculated excitation energies,30–33 and obtained a value of 1.75 eV, at the
edge of the visible spectrum. Using a Kuhn or a combined
Kuhn-exponential fit27 results in a similar fit. In view of the
accuracy limits of our theoretical prediction, NDI-5 with its
absorption at 1.79 eV can be considered as being close to this
limit.
In summary, we have investigated donor-acceptor-donor
systems with NDI acting as the acceptor and thiophene rings
acting as donors. Excitation energies were calculated using
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