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Effect of symmetric and asymmetric substitution
on the optoelectronic properties of 9,10-dicyano-
anthracene†

Florian Glöcklhofer,∗a,e‡ Arnulf Rosspeintner,∗b‡ Pakorn Pasitsuparoad,c Simon Eder,a

Johannes Fröhlich,a Gonzalo Angulo,c Eric Vauthey,b and Felix Plasser∗d

A set of substituted 9,10-dicyanoanthracenes (DCA) has been synthesized, their photophysical
and electrochemical properties in liquid solution have been characterized and supplemented by
high level ab initio quantum chemical calculations. Three different methoxy-group-containing sub-
stituents have been linked to the DCA core in a symmetric and asymmetric fashion to produce six
different species with strong quadrupole and dipole moments, respectively. The major difference
between the symmetrically and asymmetrically substituted species are the enhanced two-photon
absorption intensities of the former. In most of the cases studied, the molecules show reason-
ably large optical transition probabilities. The fluorescence brightness of these substances makes
them interesting objects for two-photon absorption applications. Additionally, all molecules can be
both easily reduced and oxidized electrochemically and are therefore suitable for optoelectronic
applications.

1 Introduction
Simple organic molecules, easy to synthesize and with a vari-
ety of interesting photophysical and electrochemical properties
have a large potential for optoelectronic and imaging applica-
tions. These properties comprise high fluorescence brightness,
long fluorescence lifetimes, small intersystem crossing yields,
large one- (1P) and two-photon (2P) cross sections and reversible
and not too high redox potentials in both directions. Intro-
ducing nitriles into polyaromatic hydrocarbons has usually two
beneficial effects with respect to these properties: first, it of-
ten increases the fluorescence quantum yield and secondly it en-
hances the oxidative power of the species. This is indeed the
case for 9,10-dicyanoanthracene (DCA). Besides many reports
in which this compound has been used in fundamental research
of electron transfer,1–9 it has been applied, for example, as a
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photosensitizer10 for the oxidation of alkynes to diketones,11

for oxidative cyclization reactions,12 alkynylation of carboxylic
acids,13 benzylic amination by cross dehydrogenative coupling,14

as well as for aromatic substitutions.15 Furthermore, DCA is
a key (photo)catalyst in the synthesis of the antimalarial drug
artemisinin.16

Attaching oxidizable substituents to an aromatic core of high
oxidative power (particularly in the excited state), such as DCA,
can lead to dramatic modifications of the properties through the
enhancement of multipolar moments. It is in fact possible to in-
crease either the dipolar or quadrupolar transition moments of a
molecule by playing with the symmetry of the substitution. While
the substituent effects on the electronic spectra of anthracene
have been thoroughly investigated in the past17–20 it is only rela-
tively recent, that donor-substituted DCA derivatives have raised
the interest of researchers due to their interesting non-linear op-
tical properties.21–23 The rather few examples, mostly cruciforms
with amino substituted styryl substituents in the 2 and 6 position
on DCA, all exhibit considerable red-shifts of the absorption and
emission spectra, as well as significantly increased two-photon
absorption cross-sections. On the other hand, 2,6-donor substi-
tuted derivatives of anthraquinone24–26 and a heterocyclic ho-
mologue27 have attracted recent attention due to their delayed
flourescence properties.

Some of us have recently developed a new synthetic method
that allows for an easy derivatisation of DCA with electron-
donating substituents in positions 2 and 6.28,29 Here, the choice
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Chart 1 Molecular structures of 9,10-dicyanoanthracene (DCA) and its
dipolar (D1-D3) and quadrupolar (Q1-Q3) methoxy-substituted deriva-
tives.

of methoxy-functionalized substituents instead of other stronger
electron donors is based on the prevention of lowering the flu-
orescence quantum yield and lifetime of the species too much.
Too large a difference in the reduction potentials of the elec-
tron donating and accepting moieties would lead to large Stokes
shifts, placing the emission in a region where the radiative rate
decreases and the non-radiative rate increases.

In the present work we will provide all the details of the syn-
thesis of six new such methoxy-substituted DCA-derivatives, their
linear and non-linear photophysical properties and their electro-
chemical redox potentials in liquid solutions. One of the most in-
teresting properties we have measured is the 2P absorption cross
section and the associated spectra. The experimental data are
supplemented by high-level ab initio quantum mechanical calcu-
lations, which help rationalizing the observed differences among
the species.

2 Results and Discussion
2.1 Synthesis
DCA is most commonly synthesized by replacing the bro-
mides of 9,10-dibromoanthracene with cyanides in a so-called
Rosenmund-von Braun reaction.30,31 However, this is not a fea-
sible method for the synthesis of most substituted DCAs. Hence,
we used a new cyanation method, which was recently introduced
by some of us and which allows for the synthesis of both DCA
and DCA derivatives from anthraquinones instead of dibromoan-
thracenes.28,29

For the target compounds D1 and Q1 (with methoxy groups
directly attached to the DCA), the cyanation was the final step of
the synthesis (Scheme 1). The required precursors 2a-b were ob-
tained by methylation of the respective hydroxyanthraquinones
1a-b. Although the new cyanation was previously demonstrated
to proceed well also with functional groups attached to the an-
thraquinone,32 the electron-donating character of the methoxy
groups of 2a-b initially impeded successful cyanation. Reduced
temperatures and increased reaction times solved this issue.

In contrast to the synthesis of D1 and Q1, the synthesis of
compounds D2, Q2, D3, and Q3 was carried out by palladium-
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Scheme 1 Synthesis of methoxy-substituted DCAs D1 and Q1: (i)
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Scheme 2 Synthesis of 4-methoxyphenyl-substituted DCAs D2 and Q2
and (4-methoxyphenyl)ethynyl-substituted DCAs D3 and Q3: (i) pyridine,
triflic anhydride; (ii) TMSCN, n-BuLi, PBr3; (iii) 4-methoxyphenylboronic
acid, aq. K2CO3, Pd(PPh3)4, THF; (iv) 4-ethynylanisole, PdCl2(PPh3)2,
CuI, THF:diisopropylamine (5:1). Yields are given as percentage.

catalyzed coupling reactions as the final step (Scheme 2). Hy-
droxyanthraquinones 1a-b were again used as the starting mate-
rials and were turned into anthraquinone triflates 3a-b first. DCA
triflates 4a-b were then obtained by the new cyanation method
and served as the coupling precursors. The triflates were selected
as precursors, because DCA-triflate 4b was previously found to
be more suitable for Suzuki coupling reactions than the respec-
tive halogenide.33 Thus, it came as little surprise that the Suzuki
coupling reaction of 4a-b with 4-methoxyphenylboronic acid af-
forded target compounds D2 and Q2 in short reaction times
and good yields; also the Sonogashira coupling reaction with
4-ethynylanisole towards target compounds D3 and Q3 worked
very well under standard conditions.

A comprehensive description of the synthesis and basic charac-
terization (1H and 13C-NMR, high-resolution mass spectrometry)
of all new compounds is given in the ESI.

2.2 Electrochemistry

Figure 1 summarizes the results of performing cyclovoltammo-
grams (CV) in acetonitrile (see Fig. S1 and Table S2, as well as
section 2.2 in the ESI for the experimental data and a description
of the experimental method). Introduction of the two CN-groups
in the 9 and 10 position in anthracene (A) shifts both, reduction
and oxidation potential to higher values by almost 1 V, transform-
ing the molecule from a relatively good photo-reductant to a good
photo-oxidant, as judged by the estimated excited state redox po-
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Fig. 1 Redox potentials (vs. SCE) in acetonitrile. Dark colors denote the
first reduction and oxidation potential, while light colors denote addition-
ally observed potentials. The numbers printed indicate the electrochemi-
cal band gap. For the cyclic voltammograms the reader is referred to the
ESI.

tentials, E∗,red/ox:34

E∗,red ≈ Ered+E00 (1a)

E∗,ox ≈ Eox−E00 (1b)

where E00 is the energy of the first singlet excited state.

Asymmetric introduction of the donating methoxy-group
derivative (in position 2) leads to a considerable reduction of the
oxidation potential by up to 0.4 V (for D3) and an only insignifi-
cant increase of the reduction potential by up to 0.15 V compared
to DCA. The symmetrically substituted compounds (Q) all pos-
sess the same low-lying oxidation potential as D3, while the re-
duction potential is further enlarged with increasing side-group
size up to a value of -0.58 V for Q3. The shift in the redox-
potentials allows for the observation of additional oxidation and
reduction potentials within the electrochemical window of ace-
tonitrile. DCA and the D-series exhibit an additional (by 0.6 V
more negative) reduction potential. For the Q-series a total of
three reduction potentials are found. In addition to those for
the D-series an additional close-lying reduction potential at ap-
prox. -0.2 V from the first one is observed.* Similarly, additional
higher lying oxidation potentials are found for some of the sam-
ples. However, no clear trends with the substitution pattern can
be assigned.

In summary, increasing the molecular weight of the substituent
in these series increases the oxidative as well as the reductive
power of the substances in the electronic ground state. Dual sub-
stitution enhances this effect, and the overall change from DCA to
Q3 amounts to +0.37 and -0.38 V for the reduction and oxidation
potentials, respectively. However, in their electronic excited state
the redox properties change less due to the red shift of the emis-
sion spectra upon increasing the substituent’s molecular weight
(see eqs. (1)).

* Note, that the assignment of the redox potentials for Q2 was complicated by its
limited solubility.
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Fig. 2 Absorption and emission spectra in cyclohexane (vertically dis-
placed, normalized to the lowest energy absorption band and on a log-
arithmic scale). For Q2 the excitation spectrum is shown, due to limited
solubility. 1 kK = 1000 cm−1.

2.3 Photophysical Properties
In order to study the substituent-induced changes in the optical
properties of DCA, steady-state absorption of one (1P) and two
photons (2P) and fluorescence, as well as time-resolved emission
experiments were performed in selected solvents of varying po-
larity (cf. Table S1 in the ESI). In addition, the involved excited
states were modelled using high-level ab initio theory employ-
ing the algebraic diagrammatic construction, ADC(2),35,36 their
1P and 2P absorption properties were computed,37,38 and their
wavefunctions were analysed in detail to gain insight into the
electronic distribution in the excited states over the different parts
of the molecule.39,40 A comprehensive collection of the experi-
mental details and methods as well as additional results can be
found in the ESI.

2.3.1 One-Photon (1P) Absorption

Figure 2 shows a compilation of the absorption and emission spec-
tra in nonpolar cyclohexane of all 7 compounds, as well as those
of the completely unsubstituted anthracene core (A). In combi-
nation with Figure 3, which shows the energy of the lowest en-
ergy absorption transition, as well as the corresponding transition
dipole moment (defined in the ESI), various observations can be
made.

Introduction of the cyano-groups in the 9,10-position in A,
yielding DCA, causes a significant red-shift of the lowest lying
absorption band by 2.8 kK and a smaller shift by only 1.4 kK of
the high energy band at 39.7 kK. In addition, the appearance of
a weak new band in the range of 34-35 kK can be observed. The
significant red-shift of the S1 ← S0 absorption band is accompa-
nied by a distinct increase in the transition dipole moment, Ma,1,
by more than 20% (cf. Fig. 3).

Decorating the DCA-core with the methoxy substituents in po-
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Fig. 3 Energy of the lowest lying absorption band in cyclohexane (lower
panel) and the squared transition dipole moment (experimental - dark
colors; calculated - light colors) of this transition (upper panel). For the
extraction of the experimental values of Ma the reader is referred to the
ESI.

sition 2 has multiple effects on the electronic absorption spec-
trum. First, the energy of the S1 ← S0 transition decreases by 1.1
to 2.0 kK with respect to that of DCA, when going from D1 to
D3. Second, while the vibronic progression of this band - very
pronounced in DCA - almost vanishes with increasing substituent
size, its transition dipole moment steadily increases by up to 30%
from 3.3 for D1 to 4.4 D for D3. Third, the entire absorption spec-
trum for the D-series becomes more and more congested with
new absorption bands showing up in the wavenumber range be-
tween the two clearly visible ones of A and DCA. In particular,
the elusive second electronic transition in A at approx. 30 kK,41

which for DCA is located at approx. 26.6 kK, though difficult to
detect (can be intuited from the failing mirror symmetry relation-
ship seen in Fig. S5 in the ESI), is fully appreciated at 26.7 kK for
D1 (see Fig. 2). This band corresponds to the transition to a state
usually denoted as Lb or B−3u, which is pseudoparity forbidden in
alternant hydrocarbons such as A. As this symmetry is broken its
intensity gradually increases when going from A to DCA to D1
and the computed transition dipole moments increase as 0.08,
1.4, 2.2 D along this series.

The effect of introducing an additional identical substituent in
position 6 on the DCA-core lowers the lowest energetic absorp-
tion transition by about 1 kK compared to the D-series. The sec-
ond absorption band is equally visible as for the D-series, how-
ever it is significantly blue-shifted in Q1 compared to D1, while
for Q3 it coincides with the position in D3. The most striking dif-
ference between D- and Q-series resides in the distinct changes
of the transition dipole moment, Ma,1, of the S1 ← S0 absorption
(cf. Fig. 3). While for D1/Q1 both Ma,1 are the same, that of Q2
is already 20% larger than that of D2. This trend culminates in
Ma,1 of Q3 being more than 40% larger than that of D3. The
computed transition dipole moments (light bars in Fig. 3) reflect
the experimental trends well and always stay within 20% of the
experimental value, but are consistently larger.

Changes in the electrostatic properties of the solvent (ε, n)

have only minute effects on the absorption spectra of the stud-
ied samples (see Fig. S2 in the ESI). In particular, the electronic
bands broaden as expected with increasing solvent polarity and
exhibit only small to almost negligible (positive or negative) sol-
vatochromism, which will be reported and discussed below.

2.3.2 Excited State Properties

All investigated samples show fluorescence, the spectral position,
quantum yield and lifetime of which are strongly sample and sol-
vent dependent.

Spectral Position and Mirror Symmetry. A and DCA show
fluorescence spectra with pronounced vibronic structure and a
small, though distinct, solvatobathochromism (cf. Fig. S2). A
closer look (cf. Fig. S5) reveals, that for A an almost perfect mir-
ror symmetry between absorption and fluorescence is observed.
In the case of DCA significant deviations from this mirror sym-
metry are observed commencing with the 0-2 vibronic transition
at 26.6 kK in absorption. This is owed to the overlapping distinct
absorption to the S2-state of DCA.

In apolar solvents the emission spectra of the D- and Q-series
show a very small Stokes shift and exhibit vibronic structure,
which only for D2/Q2 results in mirror symmetry with the ab-
sorption spectrum (see Fig. S6). For D1/Q1 the mirror symmetry
is severely hampered by what could be the result of two spectrally
overlapping emission bands (vide supra). In the case of D3/Q3
the emission spectra are slightly narrower than the correspond-
ing absorption transition with a slightly less pronounced vibronic
progression. This may be indicative of slight differences in tor-
sional disorder between the ground and excited state. However
apart of this, the mirror symmetry relationship, indicative of little
differences in the nuclear configuration between absorbing and
emissive state, holds rather well.43

When the solvent polarity is varied from cyclohexane (CX) to
propylene carbonate (PC), all samples of the D- and the Q-series
show solvatobathochromism, which extends from less than 1.5 kK
for D1/Q1 to up to 6-7 kK for D3/Q3. These solvent shifts are ac-
companied by a complete loss of vibronic structure.

Radiative and Non-radiative Deactivation. In order to obtain
insight into the excited state deactivation channels we measured
fluorescence quantum yields, φf, and lifetimes, τf, which are sum-
marized in Table 1 (also Tables S4 to S6). All samples with the ex-
ception of D1 and Q1 show monoexponential fluorescence decays
on the nanosecond timescale over the entire emission spectrum.
The latter two show biexponential decays, with the two lifetimes
exhibiting a wavelength and amplitude dependence indicative of
a precursor-successor kinetic scheme. In both samples the sig-
nal decays biphasically in the blue part of the emission spectrum,
while in the red part the signal grows in with the shorter life-
time. Especially for D1 the assignment of the lifetimes is difficult
as the two lifetimes are similar. In general the fluorescence quan-
tum yields are intermediate to very high, with the fluorescence
lifetimes ranging from a few ns up to slightly less than 20 ns.

Rather than using φf and τf as representative quantities, we opt
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Table 1 Basic photophysical properties of all samples (in all solvents) at 20 ○C. 1 kK = 1000 cm−1

sample solventa
ε φf τf ν̃a0

b
ν̃f

c Ma,1 Mf
[M−1cm−1] [ns] [kK] [kK] [D] [D]

Ad c-Hex 9800 (@ 356 nm) 0.32 4.9 26.66 26.49 2.8 2.6

DCA c-Hex 0.95 11.5 23.86 23.75 3.4
n−Bu2O 0.87 12.0 23.81 23.53 3.3
THF 14200 (@ 423 nm) 0.78 11.5 23.61 23.15 3.4 3.2
PC 0.94 13.3 23.53 22.94 3.3

D1 c-Hex 1.00 16.2e 22.75 20.59 3.3
n−Bu2O 0.96 18.7 22.73 20.21 3.1
THF 13800 (@ 377 nm) 0.87 18.0 22.60 19.49 3.3 3.2
PC 0.93 18.1 22.55 19.14 3.3

D2 c-Hex 0.36 5.1 22.37 19.66 3.8
n−Bu2O 0.50 7.8 22.37 18.81 3.9
THF 16100 (@ 398 nm) 0.76 12.6 22.37 16.94 3.8 4.3
PC 0.47 8.9 22.37 15.40 4.6

D3 c-Hex 0.68 7.0 21.88 19.66 4.4
n−Bu2O 0.53 5.7 22.00 18.55 4.8
THF 17400 (@ 407 nm) 0.57 7.2 22.15 15.97 4.4 5.3
PC 0.05 0.7 22.30 13.42 6.1

Q1 c-Hex 0.93 16.7e 22.05 19.71 3.3
n−Bu2O 0.96 17.9e 22.01 19.42 3.4
THF 10400 (@ 458 nm) 0.92 17.8e 21.84 18.91 3.3 3.5
PC 0.94 18.7e 21.74 18.57 3.5

Q2 c-Hex 0.84 8.6 21.28 19.07 4.6
n−Bu2O 0.94 8.9 21.15 18.60 5.1
THF 15000 (@ 474 nm) 0.89 9.9 21.01 17.43 4.6 5.1
PC 0.77 8.9 20.94 15.90 5.7

Q3 c-Hex 0.80 4.6 20.64 20.04 6.3
n−Bu2O 0.78 5.1 20.64 19.34 6.3
THF 28400 (@ 482 nm) 0.74 5.8 20.64 16.00 6.3 6.9
PC 0.06 0.6 20.64 13.19 6.6

a c-Hex. . . cyclohexane, n−Bu2O. . . di-n-butyl ether, THF. . . tetrahydrofuran, PC. . . propylene carbonate
b the lowest vibronic absorption transition c the highest energetic vibronic transition (for A and DCA) or the center of mass (all other samples),
ν̃f = ∫ ν̃I(ν̃)dν̃ , with I(ν̃) being the area normalized emission spectrum. d taken from ref. 42 e biexponential decay, see Tables S4 and S6 in the
ESI for data. Here only the long lifetime is given.
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Fig. 4 Squared emission transition dipole moment, M2
f , (bottom panels)

and non-radiative rate constant, knr, (top panels) for the D- and Q-series
as a function of the first moment of the fluorescence band, ν̃f, in the
same 4 solvents as in Table 1. The dashed lines are drawn to indicate a
tentative free-energy gap dependence for the S0←S1 internal conversion.

for the emission transition dipole moment, Mf,
† and the rate of

† It is preferred to use Mf rather than the radiative rate constant, kr, as the latter has

non-radiative deactivation, knr. These two quantities are more
straightforwardly interpreted and can be easily obtained from ex-
periment (see eqs. (S3b) and (S4)).

Figure 4 summarizes the squared emission transition dipole
moments and the non-radiative rate constants as a function of
ν̃f, as tabulated in Table 1. DCA, as well as D1 and Q1 show no
solvent-, and thus energy gap-dependence of the transition dipole
moment as well as the non-radiative rate constant. In fact, these
two parameters are, within experimental error, identical for D1
and Q1 and very close to that of DCA. The situation is different
for D2, Q2 and D3, Q3. The M2

f of D2, D3 and Q2 steadily in-
creases (almost by a factor of 2) with decreasing ν̃f, while the
variation of Q3 is almost negligible. The non-radiative rate con-
stants, on the other hand, seem to follow a universal free-energy
gap dependence for all samples. However, the data of D2, Q2
and D3, Q3 at low polarity clearly deviate from the tentatively
drawn S1 ← S0 free-energy gap dependence. This behavior is not
unusual and points to the interference of an additional deactiva-
tion channel with a different free-energy dependence, such as e.g.
intersystem crossing to a close-lying triplet state.45,46

intrinsic dependencies on the refractive index of the solvent and the wavenumber of
the emission. 44
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Fig. 5 Slopes of the linear fits to the solvent polarity dependence of
absorption (full circles) and emission (open circles) spectra using eq. (2).

2.3.3 Solvatochromism

Solvatochromism is very often used to investigate the changes in
the electronic distribution of a given solute upon photoexcitation.
A multitude of electrostatic effects are known to contribute to the
energetic stabilization of the electronic states of said solute in a
dielectric solvent continuum.47 Among these non-specific solute-
solvent interactions all but one (solute electric multipole-solvent
dipole)48 remain constant when investigating solvents of similar
refractive index, n, and different dielectric constants, ε,(see Ta-
ble S1 in the ESI) and can thus be subsumed in Ax in eq. (2). The
energy, ν̃x, for a given transition in a given solvent can now be
expressed as

ν̃x = Ax+Bx ⋅ f (ε), (2)

where
f (ε) = 2 ⋅ ε −1

2ε +1
. (3)

x denotes either a(bsorption) or f(luorescence). Bx can either be
related to changes in the ground- and excited-state permanent
dipole or quadrupole moment, thus resulting in the following ex-
pressions:

Ba = −θg ⋅ (θ FC
e −θg)

4πε0a3hc
(4a)

Bf = −
θe ⋅ (θe−θ

FC
g )

4πε0a3hc
, (4b)

where θi = µi accounts for solvation of a permanent dipole and
θi = Qi/a for that of a quadrupole, subindices “e” and “g” re-
fer to the corresponding quantities in the electronically excited-
and ground state, FC denotes the Franck-Condon state and a de-
notes the cavity radius.48 Fitting absorption and emission sol-
vatochromism separately is to be preferred over the popular ap-
proach of fitting the Stokes shift, i.e. ν̃a − ν̃f, as it allows insight
into whether the excited state energetics of the molecular sys-
tem under investigation involve a simple two-level or three-level
scheme. The results for all individual fits are compiled in Figure 5
(see also Table S3 and Fig. S4 in the ESI).

For all 7 systems the absorption solvatochromism of the lowest-
energy absorption transition is perfectly well described by the
above simplified model. The difference between fit and experi-
ments is at most 50 cm−1 (see Fig. S4), which is clearly within the

experimental uncertainty of the measurements. It has been put
forward in the literature that the solvatochromism of DCA is due
to solute quadrupole - solvent dipole interactions.48 Given the
symmetry of the Q-series it is thinkable that the same mechanism
is operative for these samples.

The trend of the solvatochromic slopes, Bx, with the size of
the molecules can provide some additional information about the
states involved in the two transitions. Considering the simplest
case of a spherical cavity and centered point-dipoles,49 increas-
ing the cavity radius one can expect either a constant value of the
dipoles or their increase, depending on the nature of the states.
Additionally, one can assume that in each of the transitions the ex-
cited state dipole moment is always larger than that of the ground
state. We will also assume that these are collinear.

The absorption of the D molecules qualitatively follows the ex-
pected trend for the typical case of not too large dipole moments,
which smoothly increase with the size of the cavity. However,
the Ba value for the D3 molecule is positive, meaning that the
spectra show hypsochromism. It has been suggested that this is
due to an eccentric localization of one of the permanent dipole
moments, which would be compatible with a DCA localized tran-
sition.45,50 In other words, the absorption transition for the D
molecules seems to be localized on the DCA-unit. The same trend
is reflected in the computational data as discussed in more detail
below.

The solvatochromism in emission is less straightforward (see
the ESI for a quantitative rationale). The most common case
would be to observe a decrease of the absolute value of Bf with
increasing size of the cavity. This would be compatible with a con-
comitant linear increase of the permanent dipole moments of the
states involved in this transition, as observed for the absorption.
There are, nevertheless, other cases that could lead to the ob-
served trends: if both permanent dipoles, i.e. that of the relaxed
excited state and that of the FC ground state, increased their mag-
nitude with the the cavity radius, the variation should be larger
than linear if the nature of both states was similar (for example if
both had a large CT character). If the FC ground state is of local
character and its dipole moment does not increase with the size
of the cavity it must be always rather large. However, this latter
case is incompatible with the small dipole moment of the relaxed
ground state. Therefore, it can be suggested that the FC-ground
state has also CT character, just as the relaxed excited state. Such
a situation would be also indicative of a structural change in the
molecule during the relaxation of the excited state.

The trend in the solvatochromism of the absorption of the Q-
series is similar to that observed for the Ds, but with the dipole
moments being replaced by quadrupolar moments. There is how-
ever a major difference in the fact that none of these Bas is pos-
itive, as to be expected for the higher symmetry of the Qs. The
emission of the Qs, on the other hand, seems to be a copy of the
trend observed for the Ds. Again, it would be possible to apply
the same arguments as exposed above. However, it is suspicious
that almost the exact same Bf-values are observed. This suggests
excited state symmetry breaking in the Q-series upon relaxation
of the excited state leading to a dipolar emissive state involving
only one of the two substituents X.51,52 If so, then the effective
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cavity radius would be the same as in the D-series, otherwise the
Bs of the Q-series should be smaller. In other words, the second
substituent X (see Chart. 1) not only does not intervene in the
electronic transition, it does not even contribute to an increase in
the effective size of the cavity.

2.3.4 Two-Photon (2P) Spectroscopy

Figure 6 compares the 1P and 2P absorption spectra (ε, σ
2P)

recorded in THF.
The 2P absorption spectrum of DCA is red-shifted but other-

wise similar to the one of anthracene and 9-methylanthracene
published in ref. 53. Comparison of the absorption – fluores-
cence mirror symmetry (Fig. S5b) and the 2P absorption spec-
trum (Fig. 6) of DCA points towards the same interpretation: the
pronounced 2P absorption at 28 kK and the increased discrepancy
in mirror symmetry starting at one vibronic transition lower, i.e.
at 26.6 kK indicate the presence and manifestation of the elusive
second electronic excited state. In analogy to the observations in
ref. 53 one can thus place the origin of this state at 26.6 kK.

The bandshape of the 2P spectra of the D-series essentially re-
sembles those of the 1P spectrum in the region of the lowest ener-
getic electronic transition. The corresponding maximum 2P cross-
section of this transition increases from 1.2, over 17 to 37 GM.
The second transition in D1 resembles the one observed for DCA
with an identical change in vibronic structure (compared to the
1P spectrum), which for DCA and A had been assigned to a false
origin of the vibronic progression.41 For D2 and D3, on the other
hand, the vibronic pattern of the second transition is again quite
similar to the 1P progression. Finally, D2 and D3 both exhibit
a rather strong 2P absorption at 27 and 28 kK, respectively, with
cross sections of 90 and 160 GM. This band coincides with the
onset of the third electronic transition, which is clearly seen also
in the 1P-spectra.

The 2P spectra of the Q-series differ substantially, both from
A and DCA as well as the D-series, in terms of bandshape and
intensity. While Q1 still resembles the DCA 2P absorption spec-
trum, showing a similar bandshape and an only slightly larger
intensity (maximum of 8 and only 0.3 GM for the first electronic
transition). In the case of Q2 and Q3 the 2P-extinction coeffi-
cient significantly increases to 13 and 40 GM in the range of the
first, and 260 to 430 GM in the range of the second electronic
transition. Additionally, the 2P spectra are void of any vibronic
structure. In fact, the 1P and 2P-spectra of Q2 and Q3 repro-
duce the often observed complementarity of strong (weak) 1P
and weak (strong) 2P absorption bands, which is rooted in the
mutually exclusive symmetry selection rules for centrosymmetric
molecules.54 Here, however, the calculations (vide infra) clearly
reveal, that the strong 2P absorption represents the S3 ← S0 tran-
sition, while the weaker 1P-absorbing S2 ← S0 transition, just like
the S1 ← S0 transition, has no 2P-strength.

Figure 6 also shows that the position and relative intensities
of the main 1P and 2P absorption bands are well reproduced by
computation. It is worth noting that the experimentally observ-
able low energy shoulders in the 2P spectra of the Q-series derive
from the transition to the S1 state, which is of ungerade symmetry
and therefore 2P-forbidden at the equilibrium geometry. The non-

negligible intensity arises from vibronic coupling to the S3 state.
As a consequence, when attempting a quantitative comparison of
experiment and calculations the full 2P-absorption intensity has
to be assigned to the computed S3 ← S0 transition.

2.4 Excited-state wavefunctions

Finally, we want to investigate the excited state wavefunctions of
the different molecules and how they lead to the varying photo-
physical properties observed (cf. to the ESI for a detailed descrip-
tion of the computational methods and collected results). For this
purpose, we start with a discussion of the frontier orbitals of DCA
and Q1 and proceed with a more compact and rigorous analysis
of all the molecules studied.

In Figure 7 the frontier molecular orbitals (MOs) of DCA and
Q1 are shown. Both, the HOMO and the LUMO possess strong
contributions next to the electron-withdrawing CN group explain-
ing why both their energies are lowered with respect to A upon
substitution by CN (cf. Fig. 2). Accordingly, the oxidation and
reduction potentials are raised (cf. Figure 1). The HOMO-2 is
concentrated around positions 1, 4, 6 and 9 and possesses a simi-
lar shape to the HOMO albeit differing in its symmetry properties.
The HOMO-1 has a distinct ladder-like shape and is located at the
center of the molecule. Substitution at the 2 and 6 positions lead-
ing to Q1 only has a minor effect on the HOMO-1 and LUMO.
By contrast, the breaking of the symmetry induced by the sub-
stituents is clearly visible for the HOMO and HOMO-2, which are
moved toward the electron donating substituents.

The first three excited states of all centrosymmetric molecules
(DCA, Q1, Q2, Q3) can, to a good approximation, be under-
stood as excitations of an electron to the LUMO, starting from
the HOMO, HOMO-1, and HOMO-2, respectively. Here, the
HOMO/LUMO transition gives rise to S1, which is the first bright
state seen in the 1P absorption spectrum and derives from the La

state of anthracene. The S2 ← S0 transition is dominated by the
HOMO-1/LUMO transition, with an additional contribution from
the HOMO/LUMO+1 transition and can be understood to origi-
nate from the weakly allowed Lb state of anthracene. It gives rise
to the weak second 1P band. The S3 state is of gerade symmetry
and, therefore, not visible in the 1P spectrum. This state gives rise
to the strong 2P band observed for all molecules of the Q-series.
In the case of the D-series the symmetry is reduced, which allows
for more complex interactions between the orbitals and the state
characters cannot be assigned as readily.

A more compact analysis of all the excited states is given in
Figure 8. First, we compare experimental and computational en-
ergy levels. A complete ab initio determination of the band ori-
gins would require an excited-state geometry optimisation and
frequency analysis, which is too expensive for the high compu-
tational level used here. Therefore, we have chosen a simpler
route of red-shifting all calculated vertical excitation energies by
3 kK to match the experimental results, noting that a redshift of
this order of magnitude usually emerges when band origins are
computed explicitly.55,56 These results are shown in the upper
panel of Figure 8 along with the (estimated) experimental band
origins. The results generally show good agreement whenever
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Fig. 6 One- (ε, blue) and two-photon (σ2P, red) absorption spectra in tetrahydrofuran. The bars denote the calculated integrated one- and two-photon-
absorption integrals for each transition (see eqs. (S6) and (S12) in the ESI), all scaled by a common scaling factor and red-shifted by 3 kK. The x-axis
for both sets of graphics denotes the energy of the electronic transition.
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Fig. 7 Frontier orbitals of DCA and Q1 and dominant orbital transitions
of their first three electronic transitions.

experimental reference values are available. The main exception
is that experimental values of the lowest energy absorption band
generally go down when going from D1/Q1 to D3/Q3 while the
computed values go up. Using the examples of D1 and D2, we
have investigated whether this problem is specifically related to

the ADC(2) level of theory. For this purpose, computations were
performed at the more involved ADC(3) level57 leading to almost
equivalent results. We are, therefore, left with the conclusion that
the problem does not lie with ADC(2) but is probably a vibronic
effect or related to the solvent. However, the important conclu-
sion of Figure 8 (upper panel) is that all experimental bands can
be uniquely identified with a computed electronic state allowing
us to delve deeper into a discussion of these bands.

To assign the state characters of all the involved molecules
in a compact and quantitative way, an analysis in terms of
charge-transfer numbers was performed.39,40 For this purpose,
the molecule was divided into three parts, the anthracene core
(Ant), the CN groups and the substitutent (R), and the excita-
tion was decomposed into local excitations on the individual frag-
ments and charge transfer (CT) between them. This analysis is
presented in the lower panel of Figure 8. Here, the colors of the
bars correspond to the different local and CT characters and their
size shows how much a specific character contributes to the over-
all state. It is observed that for the lower energy states, the dom-
inant contributions are local excitations on anthracene (∎) and
R→Ant CT character (∎) while local character on R (∎) comes
into play for some of the higher excited states. None of the lower
lying states show an appreciable Ant→R contribution (∎) or any
type of involvement of the CN group (∎). It is generally observed
in Figure 8 that the transition to the S2 states are mainly located
on the anthracene unit, which is consistent with the fact that the
HOMO-1 interacts only weakly with the substituent (cf. Figure 7).
By contrast, the more strongly 1P and 2P absorbing S1 ← S0 and
S3 ← S0 transitions show involvement of the substituent, which
occurs to varying degrees. Here, it is interesting to note that
there is a correlation between the CT character of the S1 ← S0

8 | 1–11Journal Name, [year], [vol.],



transition and the transition moment as shown in Figure 3, where
enhanced CT character leads to larger transition moments. In a
similar sense, it is seen that the two transitions with the largest
2P absorption cross sections, i.e. the S3← S0 transition of Q2 and
Q3, are dominated by R→Ant character. These findings illustrate
the importance and the active involvement of the substituents. In
the same sense, it is observed that the weight of local excitations
on anthracene (∎) is higher for the D-series when compared to
the analogous Q molecules. This trend was also discussed in the
context of solvatochromism, above.

3 Conclusions
Six new molecules were synthesized by attaching electron do-
nating substituents to 9,10-dicyanoanthracene. Out of these
molecules, D2, D3 and Q2, Q3 show favorable 2P properties with
the best results for Q3. In all cases the fluorescence quantum
yield is high in low polar environments, making these substances
2P-bright molecules. Moreover the maximum of the 2P absorption
is close to 800 nm, which makes it compatible with conventional
Ti:sapphire femtosecond lasers.

Aside from enhancing the 2P absorption, the electron donating
substituents were shown to decrease the electrochemical and op-
tical band gaps following the trend Q3<Q2<Q1≈D3<D2<D1. Of
all the molecules studied Q3 has the lowest S1 band origin and is
the easiest to both oxidize and reduce. The substituents were also
shown to enhance the transition dipole moments and strengthen
the solvatochromism for fluorescence. Another interesting prop-
erty of these molecules is the long lifetime of fluorescence, which
they display in medium to low polar solvents.

A very good correlation between theory and experiment is ob-
tained for the energy and intensity of the transitions, both for the
one and for two photon transitions along the full spectra in all
cases. Even the symmetry change in the Q-series is well repro-
duced by the calculations. Both theory and experiments suggest
an increasing role of the methoxy-containing substitutents with
increasing its size in the transitions.

In summary, we have shown that rational addition of electron
donating substituents to the DCA core, via straightforward syn-
thetic methods, leads to substantial modifications in electrochem-
ical and photophysical properties. Moreover, high level ab ini-
tio calculations are able to rationalize the observed experimental
trends. This opens the possibility to explore other core and sub-
stituent groups for further improvement of the desired optoelec-
tronic properties. In future works we will also explore the time
dependent-behavior of the excited state of the here presented
molecules.
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