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Abstract: Singlet excitation energy calculations for a series of acceptor para-substituted N,N-dimethyl-
anilines that are dual (4-(N,N-dimethylamino)benzonitrile, 4DMAB-CN, 4-(N,N-dimethylamino)benzaldhyde,
4DMAB-CHO, 1-methyl-7-cyano-2,3,4,5-tetrahydro-1H-1-benzazepine, NMC7) and nondual (4-aminoben-
zonitrile, 4AB-CN, 3-(N,N-dimethylamino)benzonitrile, 3DMAB-CN, and 4-nitro(N,N-dimethyl) aniline,
4DMAB-NO2) fluorescent have been performed using time-dependent density functional theory (TDDFT).
The B3LYP and MPW1PW91 functionals with a 6-311+G(2d,p) (Bg) basis set have been used to compute
excitation energies. Ground-state geometries were optimized using density functional theory (DFT) with
both B3LYP and MPW1PW91 functionals combined with a 6-31G(d) basis set. For most of the molecules
presented in this study, potential energy surfaces have been computed according to the coordinates related
to the three following mechanisms proposed in the literature: twisting, wagging, and planar intramolecular
charge transfer (ICT). Comparison of the three models for the different molecules leads to the conclusion
that only the twisting ICT model is able to explain the low frequency, strongly solvent-dependent energy
band present in the fluorescence spectra. According to this model, the 4AB-CN molecule is calculated to
be nondual fluorescent in agreement with the experimental spectra. The single band observed in the
fluorescence spectra of TMAB-CN (4-(N,N-dimethylamino)-3,5-(dimethyl)benzonitrile) is due to a large
stabilization of the charge-transfer excited state along the twisting coordinate. The nondual fluorescence
of the 4DMAB-NO2 molecule is explained by the same mechanism. In the case of 3DMAB-CN, the single
observed emission, which is solvent-dependent, has been assigned to the lowest charge-transfer excited
state. The dual fluorescence of 4DMAB-CN and 4DMAB-CHO is explained within the twisting ICT model
by a double mechanism (already proposed by Serrano et al.: Serrano-Andrés, L.; Merchán, M.; Roos, B.
J.; Lindh, R. J. Am. Chem. Soc. 1995, 117, 3189) that involves the presence of two low-lying states close
enough in energy. The observation of dual fluorescence in NMC7, that has been one of the origins of the
planar ICT model put forward by Zachariasse et al. (Zachariasse, K.; van der Haar, T.; Hebecker, A.;
Leinhos, U.; Kühnle, W. Pure Appl. Chem. 1993, 65, 1745), could be fully understood by a double mechanism
within the twisting ICT model. Within the set of investigated molecules, our calculations confirm that the
twisting ICT model is the only mechanism acceptable to explain the dual and nondual fluorescence
phenomenon. Our calculations are in complete agreement with experimental data.

I. Introduction

For several years now, intense research in the field of
nonlinear optical and electrooptical organic material triggered
by their possible application as electrooptical switches, chemical
sensors, and fluorescence probes has developed.3-5 The presence

of electron donor and acceptor groups on opposite sides of the
molecule, connected by a highly delocalizedπ electron system,
is key to their nonlinear optical properties. Recently, the dual
fluorescence property of donor acceptor systems has been used
in the context of molecular switches.6

The phenomenon of dual fluorescence, first discovered by
Lippert et al.7 40 years ago in compounds such as 4-(N,N-
dimethylamino)benzonitrile (4DMAB-CN), is an example of a
more general process involving photoadiabatic reaction in the
excited state. Since then, this feature has been observed in a
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large variety of compounds such as nonsubstituted linear
polyenes as well as in donor-acceptor systems, structurally
similar to 4DMAB-CN.2,8-18

The fluorescence spectrum of 4DMAB-CN consists of the
so-called normal band, Lb, which shows a short-axis polarization
at the blue edge of the spectrum and a long-axis polarization
for the rest of the band. The abnormal band, La, which exhibits
only long-axis polarization is observed at lower energy. In polar
solvents, the La emission, which is strongly red shifted, has been
explained by the existence of an intramolecular charge-transfer
state with a large dipole moment. On the other hand, the
nondependence on the polarization of the media of the Lb band
is explained by an emission arising from the less polar locally
excited state. Various models have been proposed to explain
the mechanism of formation and the final structure of the
intramolecular charge-transfer state.

The first model proposed by Grabowski et al.,19,20commonly
named TICT for twisted intramolecular charge transfer, supposes
the existence of two conformers for the intramolecular charge-
transfer excited state. After absorption, the promoted state starts
in a nontwisted conformation. This conformation follows the
twisting motion hypersurface and transforms into a twisted
structure, which is a local minimum on the potential energy
surface. This transformation is performed through a radiationless
process. In the final conformation, the donor group is typically
perpendicular to the phenyl ring presenting thus a complete
electronic decoupling. This model is based on the observation
that molecules with a twisted ground-state geometry, such as
N,N-3,5-tetramethyl-4-aminobenzonitrile (TMAB-CN), only
present the abnormal band, while systems such as 2,3,6,7-tetra-
hydro-1H,5H-pyrido[3,2,1-ij ]quinoline-9-carbonitrile (JULCN)
or 1-ethyl-2,3-dihydro-1H-indole-5-carbonitrile (EIN) (see Fig-
ure 1), where the rotation of the N atom is restricted, only
show the normal band. However, this model cannot predict the
absence of dual fluorescence in systems such as 3-(N,N-
dimethylamino)benzonitrile (3DMAB-CN),2,14,18where the rota-
tion of the amino group is still possible. It also does not explain
the dual fluorescence of NMC7.

The planar intramolecular charge-transfer (PICT)
model2,12,13,18,21has been proposed as an alternative to explain
the presence of dual fluorescence in seven-membered ring
systems,18 such as NMC7, in which the donor group cannot

fully rotate. Contrary to the twisting ICT model where only
one initial state is involved in the formation of the “final”
intramolecular charge-transfer state, the planar ICT model
supposes the existence of a solvent-induced vibronic coupling
through the N-inversion mode of the amino group between the
two initial singlet states resulting in a more stabilized planar
structure. The final intramolecular charge-transfer state is
characterized by a quinoı¨dal structure with a configurational
change of the amino nitrogen and with a shortened benzene-
amino bond length, preventing thus the twisting between these
two subunits. In this structure, the nitrogen lone pair becomes
part of theπ electron system of the phenyl ring, leading thus to
a positive charge on the donor group and a negative charge on
the acceptor moiety, hence the existence of an intramolecular
charge-transfer state with a large dipole moment. The existence
of an electronic coupling in the planar ICT model is in total
contradiction with the twisting ICT model. This point has been
recently discussed in refs 13 and 15.

In the planar ICT model, two requirements have to be fulfilled
to observe the dual fluorescence. First, the energy gap between
the two initial states has to be small enough to allow vibronic
coupling, no matter which state is more stable. According to
Zachariasse et al.,18 this explains why dual fluorescence is
observed for compounds such as 4DMAB-CN and 4DMAB-
CHO but not for 4AB-CN, 4DMAB-NO2, or 3DMAB-CN
where this energetic gap is too large. Second, the energy barrier
to the rehybridization of the amino nitrogen from pyramidal to
planar has to be small enough to allow the formation of the
intramolecular charge-transfer state. For example, three-
membered ring compounds show only normal Lb emission (high
energy barrier), while dual fluorescence occurs for seven-
membered ring compounds (low energy barrier). However, no
direct experimental proof of either model has been obtained up
to now, and the mechanism of formation of the charge-transfer
excited state is still under debate.
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Figure 1. (a) Molecules investigated in this paper. 4DMAB-CN, 4DMAB-
CHO, and NMC7 do exhibit the dual fluorescence phenomenon, while the
others, 4AB-CN, 3DMAB-CN, 4DMAB-NO2, and TMAB-CN, do not. (b)
EIN and JULCN do not present dual fluorescence because the donor group
is prevented from twisting.
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Computational chemists have tackled this problem using
various methodologies that either include22-32 or ignore1,17,33-40

solvent effects. 4DMAB-CN and, to a lesser extent, 4AB-CN
have been favorite molecules due to their small size and the
existence of experimental data.2,11,17,20,41Most theoretical cal-
culations do support the twisting rather than planar intramo-
lecular charge-transfer model. In addition to those two models,
a third one, named the rehybridization intramolecular charge-
transfer model, has been proposed by Domcke and co-
workers34,35,39on the basis of their CIS and CASPT2 calcula-
tions. This model has been applied for linear acceptor groups
such as CtN and CtCH where the change in carbon
hybridization from spf sp2 is responsible for the energy
stabilization.

Recently, time-resolved Raman spectra42 of the charge-
transfer state of 4DMAB-CN have been reported, also support-
ing the twisting ICT model. Another paper,30 combining
CASSCF calculations and time-resolved vibrational spectros-
copy, concluded that a final statement between planar or twisting
cannot be made even though their results are in favor of the
twisting ICT model.

The time-dependent density functional theory (TDDFT) is
now well-known as a rigorous formalism43-46 for the treatment
of excitation energies within the DFT framework. A few years
ago, Casida et al.47-49 have introduced a molecular formulation
of TDDFT. The combination of efficiency, that is, computational
cost, as well as precision, that is, a few tenths of an eV, even

for high-excited or Rydberg states when an asymptotically
correctedVxc is used,50-53 makes TDDFT very attractive. It has
been applied for the calculation of excitation energies of simple
molecules49-51,54-57 and large systems.58-60 However, in cases
where the ground-state description begins to break down, as is
the case for dissociating molecules,61-63 care has to be taken
with practical TDDFT with approximate functionals. In addition,
it has been noticed that excitations involving large changes in
the charge density tend to be underestimated by TDDFT (even
when the ground-state description appears to be adequate)
because present day exchange-correlation functionals are in
some sense too local. Furthermore, TDDFT has been shown to
be a well-suited method to correctly treat avoided crossing,
leading to the same quality results as the MRD-CI method.64

In this paper, we want to address the planar or twisting
intramolecular charge-transfer issue for a set of dual (4DMAB-
CN, 4DMAB-CHO, and NMC7) and nondual (4AB-CN,
3DMAB-CN, 4DMAB-NO2, TMAB-CN) fluorescent molecules
(see Figure 1) using the TDDFT method. TMAB-CN has been
chosen because of the existence of experimental fluorescence
spectra recorded in the gas phase, allowing thus a direct
comparison between experimental and calculated emission
energies. For both 4DMAB-CN and 4AB-CN, numerous
theoretical calculations with various methods exist in the
literature, and it is interesting to assess the quality of the TDDFT
method in calculating the emission energy of the charge-transfer
excited state. 3DMAB-CN, which is not dual fluorescent, will
be compared to 4DMAB-CN because they both have the same
donor and acceptor groups. NMC7 and TMAB-CN will be
analyzed in parallel because both have a twisted ground-state
geometry but a different fluorescence behavior. Finally, 4DMAB-
CHO and 4DMAB-NO2 are planar molecules being dual and
nondual fluorescent, respectively. In this study, only singlet
excited states will be investigated, and thus other patterns of
deactivation via triplet states leading to phosphorescence
emission are not treated herein.

In a previous paper, we have discussed the reliability of the
TDDFT method in the calculation of absorption spectra involv-
ing charge-transfer excited states.65 It has been concluded that
for nontwisted ground-state molecules, agreement within 0.11
eV could be obtained when the B3LYP functional is used.
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However for nonplanar molecules, like TMAB-CN, better results
are obtained when the MPW1PW91 functional is used (0.17
eV agreement with gas-phase experimental data for the charge-
transfer excitation energy).

All three possible mechanisms (see Figure 2) will be
investigated for all molecules using various functionals (B3LYP
and MPW1PW91), providing thus a large set of comparisons.
From these data, it will be possible to distinguish which mech-
anism leads to a stable charge-transfer excited state responsible
for the La band present in the fluorescence spectra.

II. Computational Details

All calculations have been performed using the Gaussian 98
package.66 A 6-31G(d)67 and a 6-311+G(2d,p)68,69basis set have been
used in our calculations. The exponent used for the polarization function
of the first-row atoms with the 6-31G(d) basis set isRd ) 0.8, while
for the 6-311+G(2d,p) basis set the following values are used:RN

d )
0.1826, 0.4565,RC

d ) 0.1252, 0.313,RO
d ) 0.646, 0.2584, andRp

H )
0.75. These two basis sets will be referred to later on as Sm and Bg,
respectively. Geometries have been optimized for the ground state with
the B3LYP70 and MPW1PW9171 functionals. Geometries were com-
puted by requiring all forces to be less than 0.005 au, and the
displacements predicted by the next step were required to be less than
0.002 au. Energies and densities have been obtained through the
resolution of the Kohn-Sham equation using the B3LYP or MPW1PW91
functional. Convergence criteria for the energy and for the density are
10-7 and 10-5 au, respectively. The grid used to calculate the exchange
and correlation potential is pruned and composed of 75 radial shells
and 302 angular points. Excitation energies were calculated using the
TDDFT implementation in Gaussian.57 Here, dipole moments for

excited states were computed using the one-particle density matrix.
These are formed by transforming the (X+ Y) CI vectors into the
atomic orbital basis (see Stratmann et al.57 for the definition of X and
Y). This is an approximation, which typically results in a slight
overestimation of the dipole moment (our results will confirm this).
The true dipole moment could be calculated, using the Hellmann-
Feynman theorem, as an expectation value over the charge density.
Such calculations were not performed herein. Still, our approximate
dipole moments will be useful when comparing one state to another.

Calculations where geometries and excitation energies have been
obtained using the same basis set and functional are the most consistent
from a methodological point of view. In the tables of this paper,
excitation energy calculations are identified by the geometry optimiza-
tion level, the functional used, and the basis set that has been chosen.
The following general notation has been adopted: Opt- b1/Func-
b2, where Opt represents the functional used in the geometry optimiza-
tion, Func for the functional used to calculate excited-state energies,
and b1, b2 specify the basis set in each case. This notation reduces to
a shorter form when b1) b2 or Opt) Func or Opt- b1 ) Func-
b2. For example, B3LYP-Sm/B3LYP-Bg will be written B3LYP-(Sm/
Bg), and B3LYP-Sm/B3LYP-Sm will simply be written B3LYP-Sm.
Also, the MPW1PW91-(Sm/Bg) notation has been written in the
abbreviated form MPW91-(Sm/Bg) in all tables of this paper.

For all molecules, excitation energies are calculated low enough, as
compared to first ionization energy, to be considered as reasonable.
For example, at the B3LYP-(Sm/Bg) level,-εHOMO is equal to 5.92
eV (4DMAB-CN), 6.39 eV (4AB-CN), 5.93 eV (3DMAB-CN), 5.84
eV (4DMAB-CHO), 6.16 eV (4DMAB-NO2), 6.13 eV (TMAB-CN),
and 6.34 eV (NMC7).

Computed excitation energies correspond to vertical excitation
energies without the zero-point energy correction.

The various mechanisms that will be investigated are displayed in
Figure 2. The wagging motion,R, is described by the variation of the
following dihedral angleR ) (180- ∠3-1-2-4)°. The potential energy
surface has been investigated according to the variation ofR from 0°
to 30° with a step of 10°. For 4AB-CN, the surface has been investigated
up toR ) 60° because, at the B3LYP computed equilibrium geometry,
R0 is equal to 30.104°. This motion corresponds to the change in
hybridization of the amino nitrogen from pyramidal to planar. Structural
change of the molecule toward a planar quinoı¨dal molecule has also
been investigated (planar ICT model). In this case, some bonds are
stretched (R2, R4, R6), while others are shortened (R1, R3, R5) according
to the following relation:Rj

i ) Rj
0(1 ( xi), where 0e xi < 0.1, step is

0.02, andRj
0 corresponds tojth optimized bond length. Finally, the

twisted motion is described by the rotational angleθ, which varies
from 0 to 180° with a step of 10° for most of the molecules of this
study.θ is defined by (θ1 + θ2)/2, whereθ1 represents the dihedral
angle∠3-1-2-5, and θ2 corresponds to∠4-1-2-6 (see Figure 2). The
potential energy surface will be explored according to the variation of
θ from its optimized ground-state value,θ0.

This study is limited in the sense that it only corresponds to a scan
of the potential energy surface along the above-mentioned parameters
and that no excited-state geometry optimization has been performed.

III. Results

A. The Potential Curves of 4DMAB-CN, 4AB-CN, and
3DMAB-CN. The emission spectra of 4DMAB-CN and 4AB-
CN have been recorded by several authors showing that the
former is dual fluorescent in nonpolar solvents, whereas the latter
is not, even in polar solvents. Because of their different behavior
and their small size, these two molecules have been thoroughly
investigated by computational chemists. A great number of
calculations of their emission spectra using CASPT2,1,32,34,35,39

DFT/SCI,36 STEOM,37 and DFT/MRCI38 do exist in the
literature.

(66) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. A.Gaussian 98; Gaussian, Inc.: Pittsburgh,
PA, 1998.

(67) Hehre, W. J.; Ditchfield, R.; Pople, J. A.J. Chem. Phys.1972, 56, 2257.
(68) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J. A.J. Chem. Phys.1980,

72, 650.
(69) Frisch, M. J.; Pople, J. A.; Binkley, J. S.J. Chem. Phys.1984, 80, 3265.
(70) Becke, A. D.J. Chem. Phys.1993, 98, 5648.
(71) Adamo, C.; Barone, V.J. Chem. Phys.1998, 108, 664.

Figure 2. Schematic representation of the various mechanisms investigated
in this paper. The TICT model is represented by the variation of the twist
angle,θ ) θ1 + θ2/2, whereθ1 ) ∠3-1-2-5 andθ ) ∠4-1-2-6. The WICT
mechanism proposes a relaxation mode according to the wagging angleR
) 180- ∠3-1-2-4. The PICT mechanism corresponds to a structural change
of the molecule toward a quinoı¨dal structure.
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Experimental emission spectra and calculated excitation
energies2,11,12,20,41,72-74 for 4DMAB-CN at the twisted ground-
state structure as well as their corresponding computed dipole
moments and oscillator strengths are reported in Table 1.

Molecular orbitals of the electronic ground state structure and
of the corresponding twisted geometry (θ ) 90°) are displayed
in Figure 3. In its electronic ground state, 4DMAB-CN has an
optimized geometry with aC2V symmetry. In the absorption
spectrum, the first excited state, which describes the promotion
from the donor group (πdonor) to the benzene moiety (πphenyl

* ),
will be noted 1B. The second excited state, which corresponds
to the transition from the donor (πdonor) to the acceptor group
(πacceptor), will be called 1A (see ref 65).

The potential energy surface of the ground and low-lying
singlet excited states of 4DMAB-CN along the twisting
coordinate,θ, is presented in Figure 4. The ground-state energy
increases along the twisting path reaching a maximum atθ )
90°, and a crossing appears between the first and second excited
states. The energy of the 1B state has its minimum value atθ
) 0° (the ground-state optimized geometry) and reaches a
maximum value atθ ) 90°. The energy profile of the 1A state
presents a minimum at the perpendicular structure, and it
represents the lowest excited state along the twisting angle.

The nature of the 1A state changes along the twisting path,
reaching a full charge-transfer character for the perpendicular
structure as it is reflected by the change in the oscillator strength
values (see Table 1).

Our TDDFT results along the twisting angle are in agreement
with other theoretical calculations performed using CASPT2
(with a wagged molecule,R ) 21°) and DFT/MRCI methods.
On the other hand, DFT/SCI and CASPT2 results (with a
nonwagged molecule,R ) 0°) predict an energy minimum at
θ ) 60° for the first excited state. In Figure 4, calculations
performed with a wagging angle (R ) 20°) are also displayed
for several twisting anglesθ ) {0°, 30°, 60°, 90°}. In this case,
the C2 axis is not an element of symmetry of the molecule
anymore, and therefore an avoided crossing occurs between the
first and second excited states because they have the same
irreducible representation. For the wagged molecule, the energy
barrier present on the potential energy surface of the first ex-
cited state that separates the two minima (θ ) 0 and 90°)
resulting from the avoided crossing is calculated at 0.04 eV
using the B3LYP-(Sm/Bg) method. CASPT2 and DFT/MRCI
calculations report a value of 0.13 and 0.27 eV, respectively. It
has to be restated that this energy barrier is only an estimation
of the true energy barrier because it only represents a nonrelaxed
scan along the twisting angle. Estimation of the true energy
barrier would require the knowledge of the energy of the
optimized twisted charge-transfer excited state, as well as the
energy of the transition state along the path from the ground-
to the charge-transfer excited state optimized structure. There-
fore, only methodological comparisons are meaningful in this
case.

Within the twisting ICT model, the La fluorescence emission
is supposed to take place from the twisted 1A excited state.
Our calculated values are 3.09 and 3.27 eV with B3LYP-(Sm/
Bg) and MPW91-(Sm/Bg) methods, respectively (see Table 1).
Experimental measurements in cyclohexane observe this La band
at 3.33 eV. The estimation of this band in the gas phase shall
raise its energy by 0.2 eV to 0.3 eV, yielding thus an emis-
sion energy between 3.53 and 3.63 eV. CASPT2 results vary
from 3.72 (using a large active space)32 to 3.94 eV from the
earlier calculation of Serrano et al.1 Among all theoretical re-
sults presented in Table 1, CASPT2 results yield the best
agreement with the experimental La emission energy. The
B3LYP calculated dipole moment of the ground and 1A ex-
cited states decreases, respectively increases, monotonically
along the twisting path, in agreement with other theoretical
calculations.

Contrary to 4DMAB-CN, 4AB-CN is a nonplanar system,
and therefore symmetry could not be used to identify the various
excited states. The potential energy surfaces of the ground and
low-lying singlet states of 4AB-CN along the twisting path are
displayed in Figure 5. There is an avoided crossing atθ ) 50°
between the first (1S) and second (2S) excited states. Therefore,
the nature of both 1S and 2S excited states, that are described
in absorption by the following electronic transitionπdonor f

πphenyl
* andπdonor f πacceptor, respectively, will change after the

avoided crossing. Atθ ) 90°, the 1S state is described by the
electronic promotion fromnN f πacceptor, and the 2S state is
associated to the electronic transition fromnN f πphenyl

* . The
energy profile of the first excited state, 1S, presents two minima
atθ ) 0° and atθ ) 90°, whereas the 2S one shows a minimum
at θ ) 0° and a maximum atθ ) 90°. In the case of 4AB-CN,
the first excited-state energy profile presents the lowest mini-
mum at the optimized ground-state structure, whereas for
4DMAB-CN, the lowest minimum is associated with the twisted

(72) Rettig, W.; Braun, D.; Suppan, P.; Vauthey, E.; Rotkiewicz, K.; Luboradzki,
R.; Suwifiska, K.J. Phys. Chem.1993, 97, 13500.

(73) Chattopadhyay, N.; Rommends, J.; Van der Auweraer, M.; de Schryver,
F. C. Chem. Phys. Lett.1997, 264, 265.

(74) Guinther, R.; Oelkrug, D.; Rettig, W.J. Chem. Phys.1993, 97, 8512.

Table 1. Experimental and Computed Singlet Excitation Energies
(eV), Oscillator Strengths, f, and Dipole Moments, µ (D), for
4DMAB-CN Using Various Functionals (Emission Energies Have
Been Calculated at the Perpendicular Optimized Ground-State
Geometry (TICT); the Reader Is Referred to Ref 65 for the B3LYP
Absorption Energies)

emission

G.S.a 1A w CT 1B w LE

methods µ ∆E f µ ∆E f µ

expb 5-7 3.33c 14-20 3.64
CASPT21 5.10 3.74 0.00 15.45 4.58 0.01 4.87
CASPT21 5.75 3.94 0.00 15.61 4.55 0.00 5.70
CASPT232 3.72 3.82
STEOM37 5.2 4.0 0.00 16.3 4.6 0.00 5.4
DFT/SCI36 5.5 3.4 0.00 19.3 4.5 0.00 5.9
DFT/MRCI38 4.06 4.77

B3LYP-(Sm/Bg)d,e 5.67 3.09 0.00 20.16 3.95 0.00 18.53
B3LYP-(Sm/Bg)d,f 5.63 3.19 0.00 20.15 4.03 0.00 18.50
MPW91-(Sm/Bg)d,g 5.70 3.27 0.00 19.62 4.15 0.00 18.25

a G.S. stands for ground state.b See the following references: 2, 11, 12,
20, 41, 72-74. c This value has been measured inn-hexane. In the gas
phase, this value is expected to be higher (between 3.53 and 3.63 eV).d See
Computational Section for more details about the notation used here.
e Results for the nonwagged molecule (R ) 0°). For the ground state, an
energy increase of 0.59 eV is calculated atθ ) 90° as compared to
the optimized ground state atθ ) 0°. f Results for the wagged molecule (R
) 20°). For the ground state, an energy increase of 0.52 eV is calcu-
lated atθ ) 90° as compared to the optimized ground state atθ ) 0°.
g Results for the nonwagged molecule (R ) 0°). For the ground state, an
energy increase of 0.59 eV is calculated atθ ) 90° as compared to the
optimized ground state atθ ) 0°. The MPW91-(Sm/Bg) 1B(LE) and
1A(CT) absorption energies have been calculated at 4.47 and 4.71 eV,
respectively.
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conformation of the 1A state. All other theoretical calculations
are in agreement with this picture.

Table 2 reports the experimental dipole moment and calcu-
lated emission energies for the twisted conformation as well as
the corresponding computed dipole moments and oscillator
strengths. In our previous paper,65 it was shown that B3LYP
computed absorption energies (4.57 and 5.06 eV) compared well
with “hypothetical” gas-phase values estimated at 4.45 and 4.86
eV for the 1S and 2S excited states, respectively. In agreement
with other theoretical results, the twisted 1S excited state (θ )
90°) is calculated higher than the optimized conformation (θ0

) 0°), with both B3LYP-(Sm/Bg) and MPW91-(Sm/Bg)
methods. Our calculated emission energies from the twisted 1S
state are between CASPT2 (with a wagged molecule) and
DFT/SCI results. The B3LYP calculated dipole moments of the
ground and second excited states decrease along the twisting
angle, whereas the one of the first excited state increases along
the same coordinate. The other theoretical results observed the
same variation.

The potential energy surface of the ground and low-lying
states of 4DMAB-CN and 4AB-CN according to the wagging
motion has also been explored using the TDDFT method, see
Figure 6. In agreement with both CASPT2 and DFT/SCI results,
the “planar” charge-transfer state of both 4DMAB-CN and

4AB-CN molecules does not stabilize along this motion path.
This shows that this mechanism is unable to explain the La band
present in the fluorescence spectra as well as its strong
dependence on solvent polarity.

To complete the study, the potential energy surfaces of
4DMAB-CN and 4AB-CN have also been calculated along the
structural change of the molecule toward a final quinoı¨dal
structure, see Figure 7 (see Computational Section for more
details about the chosen coordinates). Within the planar ICT
model, the fluorescence is supposed to take place from a final
quinoı̈dal structure that results from the coupling of both
locally and charge-transfer excited states according to the
change in the configuration of the amino group toward plan-
arity. In the case of the 4DMAB-CN molecule, the ground-
state energy increases along this coordinate, and the first
and second excited-state surfaces present a crossing atx )
0.02. For higher values ofx, excited-state energies increase,
and no stabilization in energy for the charge-transfer ex-
cited state is observed along this structural change coordi-
nate. In the case of the 4AB-CN molecule, the computed po-
tential energy surface is similar to that computed for the
4DMAB-CN system. Therefore, this structural change could
not be the mechanism that explains why the 4DMAB-CN
molecule is dual fluorescent, whereas 4AB-CN is not, because

Figure 3. Molecular orbitals for the optimized ground-state structure and for the twisted conformer of 4DMAB-CN (left) and 4DMAB-CHO (right). The
molecular orbitals computed for 4AB-CN, 3DMAB-CN, TMAB-CN, and NMC7 are similar to those of 4DMAB-CN. The molecular orbitals of 4DMAB-
NO2 are similar to those of 4DMAB-CN except the HOMO-2 which is described by a combination of the lone-pair orbitals of the oxygen.
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both potential energy surfaces along this motion present similar
behavior.

3DMAB-CN is an excellent test to compare to 4DMAB-CN
because both have the same donor and acceptor groups while
both show a different fluorescence behavior. Contrary to
4DMAB-CN, the ground-state optimized geometry of 3DMAB-
CN computed at the B3LYP-(Sm/Bg) level is nonplanar (R0 )
15.382° and θ0 ) 0°). Experimentally, the absorption energy
of 3DMAB-CN has been measured at 3.83 eV inn-hexane.14

Table 3 displays experimental and calculated absorption and
emission energies as well as their corresponding computed
dipole moments and oscillator strengths. According to our
calculations, the first vertical excited state corresponds to the
charge-transfer state and is followed by the locally excited

state. Absorption energies calculated with the MPW1PW91
functional show better agreement with the experimental value
considering that the “hypothetical” gas-phase value is expected
to be higher (3.98-4.08 eV) than the corresponding value in
n-hexane.

Fluorescence spectra of 3DMAB-CN show only one band,
even in polar solvents.14 This band has been observed at 3.42
eV in n-hexane. This nondual fluorescence has been explained
by Rettig et al.14 by the prescence of a large energy gap between
the 1S (having a locally excited character) and the 2S (having
a charge-transfer character) excited states. According to these
authors,14 the charge-transfer excited state should be much
higher in energy than the locally excited state such that even
strong polar solvents could not lead to an energy stabilization
large enough to bring the charge-transfer state below the locally
excited state.

The potential energy surface of the ground and low-lying
states of 3DMAB-CN according to the twisting mechanism is
displayed in Figure 8. Contrary to the case of 4DMAB-CN,
there is no crossing between the first and second excited states.
On the other hand, the second and third excited states show an
avoided crossing atθ ) 35°. Along the twisting coordinate,
the charge-transfer excited state energy remains nearly constant.
The energy of this state for the perpendicular conformation is
calculated higher than the one of the optimized geometry
conformation by 0.04 eV when the MPW91-(Sm/Bg) is used,
whereas a 0.06 eV stabilization is computed with the B3LYP-
(Sm/Bg) method. The dipole moment of the ground state
decreases as the twisting angle increases. For the first excited
state, the dipole moment increases along this coordinate,
reaching a maximum of 18.53 D forθ ) 90°. This means that
in a polar solvent, the twisted charge-transfer excited state should
be more stabilized than the planar configuration. Therefore,
emission might occur from the perpendicular charge-transfer
excited state. In the case of the 3DMAB-CN molecule, we think

Figure 4. PES of the ground and low-lying singlet excited states of
4DMAB-CN along the twisting coordinate calculated with the B3LYP-
(Sm/Bg) method. Results for a nonwagged molecule (symmetryC2) and
for a molecule with 20° wagging angle are shown.

Figure 5. PES of the ground and low-lying singlet excited states of
4AB-CN along the twisting coordinate calculated with the B3LYP-
(Sm/Bg) method.

Table 2. Experimental Dipole Moment and Computed Singlet
Excitation Energies (eV) for the Twisted Conformation of 4AB-CN
as Well as Their Calculated Oscillator Strengths, f, and Dipole
Moments, µ (D), for 4AB-CN Using Various Functionals (Emission
Energies Have Been Calculated at the Optimized Ground-State
Geometry (TICT Model); the Reader Is Referred to Ref 65 for the
B3LYP Absorption Energies)

emission

G.S.a 1S 2S

methods µ ∆E f µ ∆E f µ

exp2,11,20,41 5-7
CASPT21,b 5.51 4.24 0.00 5.21 3.82 0.00 15.75
CASPT21,c 4.86 4.10 0.01 4.65 4.54 0.00 15.65
STEOM37 5.1 4.6 0.00 5.3 5.1 0.00 14.5
DFT/SCI36 5.3 4.7 0.00 5.4 4.5 0.00 18.1

B3LYP-(Sm/Bg)d,e 5.33 4.41 0.00 18.79 4.97 0.00 5.57
MPW91-(Sm/Bg)d,f 5.39 4.57 0.00 18.26 5.10 0.01 5.67

a G.S. stands for ground state.b CASPT2 results with a wagging angle
equal to 0°. For θ ) 0°, the 1S and 2S states correspond to the lB and 1A
states, respectively, when the C2 symmetry is used. Within this symmetry,
a crossing appears on the PES, and the 1S and 2S atθ ) 90° correlate with
the 1A and lB states, respectively.c CASPT2 results with a wagging
angle equal to 21°. d See Computational Section for more details about the
notation used here.e For the ground state, an energy increase of 0.42 is
calculated atθ ) 90° as compared to the optimized ground state atθ ) 0°.
f For the ground state, an energy increase of 0.44 is calculated atθ ) 90°
as compared to the optimized ground state atθ ) 0°. The MPW91-(Sm-
Bg) 1S and 2S absorption energies have been calculated at 4.69 and 4.98
eV, respectively.
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that more investigations are needed with various functionals and
other ab initio methods to clearly establish the variation of the
energy along the twisting coordinate.

For this molecule, the wagging motion has also been
investigated, but is not reported in this paper because it leads
to the same results as in the case of 4DMAB-CN. No stabi-
lization in energy is computed for the charge-transfer excited
state along the wagging coordinate. The planar motion has not
been studied for this system, because it does not make sense to
study the transition toward a quinoı¨dal structure of a compound
with the acceptor group in the ortho position.

B. The Potential Curves of TMAB-CN and NMC7.
Contrary to previous molecules of this study, TMAB-CN is a
twisted ground state structure with a twisting angle,θ° ) 114°.
The computed absorption spectrum has already been discussed
in our previous paper65 and compared to the most recent
experimental gas-phase measurements17 performed using the

electron energy loss technique. It has been shown that for this
molecule, results of better quality are obtained with the
MPW1PW91 functional (4.10 eV) rather than with the B3LYP
one (3.91 eV) when compared to experimental data (4.27 eV).
DFT/SCI17 computed excitation energies are in agreement with
our TDDFT results. TMAB-CN is an interesting case because
its fluorescence spectra is known in the gas phase. In emission,
only one band has been observed, measured at 3.22 eV. Figure
9a displays the potential energy surface of the ground and low-
lying states of TMAB-CN along the twisting coordinate.
Contrary to 4DMAB-CN, the lowest singlet excited state, 1S,
at the ground-state geometry has a charge-transfer character and
corresponds to the transition from the donor (πdonor) to the
acceptor (πacceptor) group. The second excited state, 2S, is
associated to the electronic promotion from the donor group
(πdonor) to the benzene moiety (πphenyl

* ). The energy gap
between these two excited states is calculated at 0.31 eV and at

Figure 6. Computed PES using the B3LYP-(Sm/Bg) method as a function
of the WICT coordinate for 4DMABN (a) and 4AB-CN (b). Figure 7. Computed PES using the B3LYP-(Sm/Bg) method as a function

of the PICT coordinate for 4DMABN (a) and 4AB-CN (b).
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0.57 eV using the B3LYP-(Sm/Bg) and the MPW91-(Sm/Bg)
methods, respectively, see ref 65. The 1S potential energy
surface shows a minimum for the twisted structure atθ ) 90°,
whereas the 2S energy profile locates a minimum at the
optimized ground-state geometry (θ ) 114°).

The fluorescence emission from the twisted charge-transfer
excited state is calculated at 3.56 and 3.72 eV using the B3LYP
and MPW1PW91 functionals, respectively, which is too high
compared to the gas-phase experimental value measured at 3.22
eV. One possible factor to explain this disagreement between
calculated and measured emission spectra could be attributed
to the fact that the geometry has not been reoptimized for each
value of θ. However, we think that the general qualitative
behavior of the potential energy surface along the twisting angle
is well depicted within this approximation and that the stabiliza-
tion of the charge-transfer state under this motion is in perfect
agreement with the experimental fact, where only one band is
measured in the fluorescence spectra. The dipole moment for
the ground state decreases along the twisting angle, whereas it
increases along the same coordinate for the first and second
excited states.

The wagging motion has also been investigated for this
molecule, and, as in previous cases, no minimum has been found
for the 1S state, thus discrediting this mechanism as a possible
explanation for the observed fluorescence.

The planar ICT model has not been investigated for TMAB-
CN because the ground-state structure is already twisted.
However, it can be seen on the energy profile of the charge-
transfer excited state that the planar structure (θ ) 0°) is clearly
higher in energy than the pretwisted optimized one (θ ) 114°).
Therefore, motion toward a quinoı¨dal structure that would be
more stable in energy than the twisted structure is very unlikely.

Like TMAB-CN, the 1-methyl-7-cyano-2,3,4,5-tetrahydro-
1H-1-benzazepine (NMC7), see Figure 1, is already twisted in
its ground-state geometry. At the computed equilibium geom-
etry, the dihedral angle C5-C2-N1-C(ring), θ′, is equal to
60.048° when the MPW91-(Sm/Bg) method is used. Tables 4
and 5 display experimental and calculated absorption and
emisson energies as well as the computed oscillator strengths
and dipole moments for the two molecules. The vertical ab-
sorption energy has been calculated at 4.47 and at 4.37 eV using
MPW91-(Sm/Bg) and MPW91-Sm/B3LYP-Bg methods, re-
spectively, in agreement with the experimental value of 4.18
eV measured inn-hexane. Contrary to TMAB-CN, which
exhibits only a single band in the fluorescence spectra, NMC7
is dual fluorescent in a polar solvent like acetonitrile.18 Similar
compounds with five- and six-membered rings, such as 1-meth-
yl-6-cyano-1,2,3,4-tetrahydroquinoline (NMC6) and 1-methyl-
5-cyanoindoline (NMC5), do not exhibit dual fluorescence.
These observations have been one of the origins of the planar
ICT model put foward by Zachariasse et al.2 According to this
model, the N-inversion mode could not occur in NMC5 and
NMC6 due to the rigidity of the cycle, whereas it does in the
NMC7 due to more flexibility. Those arguments are in line with
the experimental facts that the former two molecules are not
dual fluorescent, while the latter is.

Figure 9b displays the PES along the twisting coordinate,
θ′, of the ground and low-lying states of NMC7 computed using
the MPW1PW91 functional. For each value ofθ′, a partial
optimization of the seven-membered ring has been performed
using the AM1 method. The ground and second excited states
present a minimum for 60°. The charge-transfer excited state
(1S) energy remains almost the same asθ′ varies from 60 to
90°. For comparison, a partial optimization of the 7-ring atθ′
) 90° using the MPW1PW91 functional has been performed.
At this level of optimization, the twisted charge-transfer excited
state with θ′ ) 90° is 0.10 eV more stable than the one
corresponding to the optimized ground-state structure (i.e.,θ′
) 60°). It can be noticed that the energy of all states increases
as θ′ varies from 60 to 0°. Our calculations are unable to
reproduce the La emission measured at 2.66 eV in acetonitrile,
because solvent effects are not treated explicitly. However, the

Table 3. Experimental and Computed Singlet Excitation Energies (eV), Oscillator Strengths, f, and Dipole Moments, µ (D), for 3DMAB-CN
Using Various Functionals (Absorption Energies Have Been Calculated at the Optimized Ground-State Geometry, and Emission Energies
Have Been Computed at the Perpendicular Optimized Ground-State Geometry (TICT Model))

absorption emission

G.S.a 1S w CT 2S w LE G.S.a 1S w CT 2S w LE

methods µ ∆E f µ ∆E f µ µ ∆E f µ ∆E f µ

exp14 3.83b 3.42c

B3LYP-(Sm/Bg)d,e 6.46 3.85 0.05 14.36 4.77 0.03 3.02 5.35 3.32 0.00 18.53 3.75 0.00 15.75
MPW91-(Sm/Bg)d,f 6.46 3.97 0.06 13.97 4.94 0.04 2.84 5.33 3.50 0.00 18.11 3.91 0.00 15.75

a G.S. stands for ground state.b Absorption measured inn-hexane; this value is expected to be higher in the gas phase (between 3.98 and 4.08 eV).
c Emission measured inn-hexane.d See Computational Section for more details about the notation used here.e For the ground state, an energy increase of
0.47 eV is calculated atθ ) 90° as compared to the optimized ground state atθ ) 0°. f For the ground state, an energy increase of 0.51 eV is calculated
at θ ) 90° as compared to the optimized ground state atθ ) 0°.

Figure 8. Ground and low-lying singlet states of the 3DMAB-CN molecule
along the twisting path computed with the B3LYP-(Sm/Bg) method.
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potential energy surface provides a qualitative explanation of
the fluorescence activity of this molecule. In polar solvents, the
La band can be assigned to the charge-transfer excited state,
whereas the Lb band could be attributed to an emission from
the relaxed locally excited state. More profound investigations
are needed for this molecule to obtain a quantitative answer.

C. The Potential Curves of 4DMAB-CHO and 4DMAB-
NO2. The optimization of geometry of 4DMAB-CHO leads to
a planar structure. Experimental and calculated emission energies
as well as their corresponding computed oscillator strengths and
dipole moments are reported in Table 6. This molecule exhibits
dual fluorescence only in polar solvents such as propanol or
n-butyl chloride,77 thus excluding direct comparison with our
results. The potential energy surface of this molecule along the
twisting angle is displayed in Figure 10a. As in the case of

4AB-CN, the potential energy surface of 4DMAB-CHO presents
an avoided crossing along the twisting angle between the first
and second excited states. The first vertical excited state, 1S,
that corresponds to the transition from the lone pair on the
oxygen,nO, to the acceptor group,πacceptor (see Figure 3 for
details about the molecular orbitals), will change nature along
the twisting coordinate. This state will gain more charge-transfer
character as the twisting angle increases, and, atθ ) 90°, it is
mainly described by the transition from the lone pair on the
nitrogennN to the acceptor groupπacceptor. The potential energy
surface of this 1S state shows a minimum atθ ) 90°. Emission
from the twisted 1S state is computed at 2.75 and 2.95 eV using
the B3LYP and MPW1PW91 functionals, respectively. The
dipole moment of the ground and second excited states decreases
as the twisting angle increases, whereas the reverse variation is
observed for the first excited state. An estimate of the energy
barrier is computed at 0.26 eV using the MPW1PW91 func-
tional.

For this molecule, the planar and wagging motions have also
been investigated, but as in previous cases, no stabilization in
energy has been computed for any state along the corresponding
coordinates.

The 4DMAB-NO2 molecule is structurally very similar to
4DMAB-CHO, both being planar systems. Table 7 displays
experimental and calculated emission energies for this molecule
as well as their corresponding computed oscillator strengths and
dipole moments. Experimentally, this molecule is nondual
fluorescent, and only a single band is observed in polar solvents.
This has been attributed by Zachariasse et al.18 to the presence
of a large energy difference between the locally and charge-
transfer excited states, supporting thus the planar ICT model
where a small energy difference is necessary for both states to
couple, to lead to a more stable structure. The potential energy
surface of 4DMAB-NO2 along the twisting angle is presented
in Figure 10b. Unlike the 4DMAB-CHO case, it does not present
any avoided crossing, and the lowest vertical excited state, 1S,
keeps its charge-transfer character along the twisting coordinate,
reaching an energy minimum for the perpendicular structure.
The twisted charge-transfer excited state is more stable in energy

(75) Herbich, J.; Perez Salgado, F.; Rettschnick, R. P. H.J. Phys. Chem.1991,
95, 3491.

(76) Rotkiewicz, K.; Rubaszewska, W.J. Lumin.1982, 27, 221.
(77) Rettig, W.; Lutze, S.Chem. Phys. Lett.2001, 341, 263.

Figure 9. (a) PES along the twisting angle,θ, for TMAB-CN calculated
using the B3LYP-(Sm/Bg) method. (b) PES along the twisting angle,θ′
(see text), for the NMC7 molecule computed with the AM1/MPW91-Bg
method. The empty symbols in the figure forθ ) 90° represent calculations
performed at the MPW91-(Sm/Bg) level.

Table 4. Experimental and Computed Singlet Excitation Energies
(eV), Oscillator Strengths, f, and Dipole Moments, µ (D), for
TMAB-CN Using Various Functionals (Emission Energies Have
Been Computed at the Perpendicular Optimized Ground-State
Geometry (TICT Model); the Reader Is Referred to Ref 65 for the
Absorption Energies)

emission

G.S.a 1S w CT 2S w LE

methods µ ∆E f µ ∆E f µ

exp75 3.22
exp76 3.22

B3LYP-(Sm/Bg)b,c 5.84 3.56 0.00 21.06 4.40 0.00 18.93
MPW91-(Sm/Bg)b,d 5.85 3.72 0.00 20.63 4.58 0.00 18.76

a G.S. stands for ground state.b See Computational Section for more
details about the notation used here.c For the ground state, an energy
increase of 0.09 eV is calculated atθ ) 90° as compared to the optimized
ground state atθ ) 114°. d For the ground state, an energy increase of
0.11 eV is calculated atθ ) 90° as compared to the optimized ground
state atθ ) 117°.
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than the planar conformer by 0.61 and 0.52 eV, and emission
from this state is computed at 2.35 and 2.61 eV using B3LYP-
(Sm/Bg) and MPW91-(Sm/Bg) methods, respectively. The
nondual fluorescence of 4DMAB-NO2 might be comparable to
that of TMAB-CN. Again, the vertical charge-transfer excited
state reaches, by a radiationless process, a perpendical structure,
precursor of the La emission. However, comparison between
calculated and experimental emission energies for the La band
is difficult because the spectra have been recorded in polar
solvents.80,81The computed dipole moments of the ground and
second excited states decrease along the twisting path, whereas
the reverse variation is observed for the first excited state with
both functionals.

Both wagging and planar motions have been investigated
showing no stabilization of the two lowest excited states. For
both molecules, these models do not seem to apply.

IV. Discussion

Investigation of the mechanisms that are involved in the dual
fluorescence is complex due to the interplay of dynamical,

vibronic, electronic, and solvent effects. All of these parameters
interact, modifying the potential energy surface and consequently
the fluorescence emission. It is extremely complex to compu-
tationally model all of these interactions and to give a final
answer to the physical-chemical mechanism involved in the
process of the dual fluorescence. The solvent is probably one
of the most important factors. Most experimental studies
measure the La band emission either in polar or in nonpolar
solvents. The TMAB-CN molecule is the only case where
gas-phase emission measurements have been performed. In
our calculations, the solvent has not been treated, explicitly
limiting the comparison between calculated and measured
emission spectra. Another limitating parameter is the geometry
of the excited state. Full optimization of geometry has been
performed only for the ground electronic state structure, and
the potential energy surface calculations are limited to the
change of an angle or bond lengths, according to the investigated
mechanism.

While the difference to the experimental results may be due
to these shortcomings, results of this investigation still give
insight into the mechanism of the dual fluorescence. For all
molecules, it has been shown that the planar ICT model
(investigated according to the coordinates of this work) does
not lead to any energy stabilization for the charge-transfer
excited state. The same observation is also valid for the wagging
mechanism. According to our calculations, only the twisting
ICT model appears to be a possible mechanism to explain the
dual and nondual fluorescence. It is the only model that leads
to an energy stabilization and to an increase of the dipole
moment of the charge-transfer excited state along the twisting
coordinate, reflecting the low energy and the strong solvent
polarity dependence of the La band.

As Rettig has mentioned in his papers, these donor-acceptor
systems can be classified into two groups. The first, which
includes 4DMAB-CN, 4AB-CN, and 4DMAB-CHO, corre-
sponds to systems where the vertical charge-transfer excited state
is above the locally excited state, which is the first excited state.
For these systems, the nature of the first excited state changes
along the twisting angle depending on the presence of an
avoided crossing between the first and second excited states. If
there is an avoided crossing, the first vertical excited state will

(78) Nicolet, P.; Laurence, C.J. Chem. Soc., Perkin Trans. 21986, 1071.
(79) Laurence, C.; Nicolet, P.; Tawfik Dalati, M.J. Phys. Chem.1994, 98, 8,

5807.

(80) Carsey, T. P.; Findley, G. L.; McGlynn, S. P.J. Am. Chem. Soc.1979,
101, 4502.

(81) Schuddeboom, W.; Warman, J. M.; Biemans, H. A. M.; Meijer, E. W.J.
Chem. Phys.1996, 100, 12369.

Table 5. Experimental and Computed Singlet Excitation Energies (eV), Oscillator Strengths, f, and Dipole Moments, µ (D), for NMC7 Using
Various Functionals (Absorption Energies Have Been Calculated at the Optimized Ground-State Geometry; for Emission Energies, a Partial
Optimization of the Seven-Membered Ring Has Been Performed at the AM1 and MPW1PW91 Level, with θ′ ) 90°)

absorption emission

G.S.a 1S w CT 2S w LE G.S.a 1S w CT 2S w LE

methods µ ∆E f µ ∆E f µ µ ∆E f µ ∆E f µ

exp18 4.18b 2.66c 3.48

MPW91-(Sm/Bg)d,e 6.98 4.47 0.33 15.20 4.55 0.02 11.36 6.18 3.96 0.08 19.12 4.58 0.00 14.78
AM1/MPW91-Bgd,f 6.10 3.96 0.07 18.99 4.57 0.00 14.67
MPW91-Sm/
B3LYP-Bgd,g 6.97 4.37 0.32 15.53 4.44 0.02 11.64 6.19 3.82 0.07 19.54 4.42 0.00 15.70

a G.S. stands for ground state.b Absorption and fluorescence spectra measured inn-hexane.c Fluorescence spectra measured in acetonitrile.d See
Computational Section for more details about the notation used here.e For the ground state, an energy increase of 0.55 eV is calculated atθ′ ) 90° as
compared to the optimized ground state atθ′ ) 60°. f For the ground state, an energy increase of 0.41 eV is calculated atθ′ ) 90° using the AM1/MPW91-
Bg method as compared to the optimized ground state computed at the MPW91-(Sm/Bg) level withθ′ ) 60°. g For the ground state, an energy increase of
0.40 eV is calculated atθ′ ) 90° as compared to the optimized ground state atθ′ ) 60°, using the MPW91-Sm/B3LYP-Bg method.

Table 6. Experimental and Computed Singlet Excitation Energies
(eV), Oscillator Strengths, f, and Dipole Moments, µ (D), for
4DMAB-CHO Using Various Functionals (Emission Energies Have
Been Computed at the Perpendicular Optimized Ground-State
Geometry (TICT Model); Values in Parentheses Are Computed
Using the MPW91(Sm/Bg) Method Otherwise Using the
B3LYP-(Sm/Bg) Method; the Reader Is Referred to Ref 65 for the
B3LYP Absorption Energies)

emission

state nature of state ∆E f µ

exp CT 2.41a

G.S.b 0.62 4.41
(0.64) (4.35)

1S nN f πacceptor 2.75 0.00 21.34
(2.95) (0.00) (20.52)

2S nO f πacceptor 3.59 0.00 2.55
(3.67) (0.00) (2.12)

3S nN f πphenyl
/ 4.06 0.00 17.03

(4.26) (0.00) (16.83)

a Measured inn-butyl chloride.77 b G.S. stands for ground state. For the
ground state, an energy increase of 0.62 and 0.64 eV is calculated atθ )
90° using the B3LYP-(Sm/Bg) and MPW91-(Sm/Bg) methods, respectively,
as compared to the optimized ground state atθ ) 0°. The 1S, 2S, and 3S
absorption energies have been computed at 3.86, 4.26, and 4.57 eV using
the MPW91-(Sm/Bg) method.

A R T I C L E S Jamorski Jödicke and Lüthi
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change nature from locally to charge transfer along this
coordinate, and its energy profile will present an energy barrier
whose highest value is related to the vertical energy gap between
these two excited states. It is clear that the polarity of the solvent
plays a role in modifying the vertical energy gap as well as the
energy barrier, making the potential energy surface strongly
dependent on the solvent nature. For these systems, the dual
fluorescence is explained by a double mechanism within the
twisting ICT model, already proposed by Serrano et al.1 During
the absorption, both the locally and the charge-transfer excited
states are populated. The charge-transfer excited state will lose
energy by a nonradiative process to the locally excited state
from which the Lb emission takes place. The locally excited
state can also achieve a stabilization by following the hyper-
surface of the intramolecular twisting motion. From the final

perpendicular charge-transfer excited state, an emission occurs
that is assigned to the La band observed in the fluorescence
spectra.

In the second group of molecules, 3DMAB-CN, TMAB-CN,
and 4DMAB-NO2, the first vertical excited state is the charge-
transfer state. Here, the potential energy surface of the first
excited state does not show an energy barrier because there is
no avoided crossing. The energy of the vertical charge-transfer
state decreases along the twisting angle, reaching an energy
minimum for the perpendicular configuration. TMAB-CN is in
that respect the most interesting example because gas-phase
results exist, showing the prescence of only one band in the
fluorescence spectra. This can be understood by the form of
the potential energy surface of the first excited state that leads
to an energy stabilization of the twisted charge-transfer state as
compared to the vertical one. After absorption, the vertical
charge-transfer state loses energy by a nonradiative process,
reaching the twisted conformation from which the La fluores-
cence occurs. 3DMAB-CN and 4DMAB-NO2 are similar to
TMAB-CN; they present only one band in the measured
fluorescence spectra, and the calculated potential energy surface
shows that the first vertical excited state is the charge-transfer
state. According to our calculations, it seems likely that the
vertical charge-transfer state of 4DMAB-NO2 could reach a
perpendicular structure because the gain in energy in twisting
is equal to 0.61 and 0.52 eV using B3LYP-(Sm/Bg) and
MPW91-(Sm/Bg) methods, respectively. However, this mol-
ecule is known to be nonfluorescent in nonpolar solvents.
Instead, phosphorescence is observed, suggesting other patterns
of deactivation. Fluorescence is only observed in polar solvents.
In the case of 3DMAB-CN, the two functionals disagree in terms
of the energy gain for the charge-transfer excited state along
the twisting angle. The B3LYP-(Sm/Bg) method predicts an
energy stabilization of 0.06 eV according to this coordinate,
whereas a destabilization of 0.04 eV is computed using the

Figure 10. PES of the ground and low-lying singlet states for 4DMAB-
CHO (a) and for 4DMAB-NO2 (b) along the twisting coordinate calculated
with the MPW91-(Sm/Bg) and B3LYP-(Sm/Bg) methods, respectively.

Table 7. Experimental and Computed Singlet Excitation Energies
(eV), Oscillator Strengths, f, and Dipole Moments, µ (D), for
4DMAB-NO2 Using Various Functionals (Emission Energies Have
Been Computed at the Perpendicular Optimized Ground-State
Geometry (TICT Model); Values in Parentheses Are Computed
Using the MPW91-(Sm/Bg) Method Otherwise Using the
B3LYP-(Sm/Bg) Method; the Reader Is Referred to Ref 65 for the
B3LYP Absorption Energies)

emission

state nature of state ∆E f µ

exp CT 2.81a

2.88b

G.S.c 0.65 5.93
(0.67) (5.82)

1(1A1) nN f πacceptor 2.35 0.00 26.32
(2.61) (0.00) (24.96)

1(1A2) nO
- f πacceptor 3.64 0.00 2.10

(3.81) (0.00) (2.19)
1(1B2) nN f πbenzene

/ 3.97 0.00 18.67
(4.18) (0.00) (18.41)

2(1B2) πphenylf πacceptor 4.20 0.00 14.88
(nO

+ f πacceptor) (4.37) (0.00) (2.44)

a Measured in EPA solvent, see ref 80.b Measured in benzene solvent,
see ref 81.c G.S. stands for ground state. For the ground state, an energy
increase of 0.65 and 0.67 eV is calculated atθ ) 90° using the B3LYP-
(Sm/Bg) and MPW91-(Sm/Bg) methods, respectively, as compared to the
optimized ground state atθ ) 0°. The 1(1A1), (1A2), 1(1B1), and 1(1B2)
absorption energies have been computed at 3.80, 3.94, 4.50, and 4.52 eV
using the MPW91-(Sm/Bg) method.
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MPW91-(Sm/Bg) method. This case requires more investiga-
tions to reach a pertinent conclusion.

NMC7 belongs to the same group as TMAB-CN, where the
first vertical excited state is the charge-transfer state. Therefore,
this molecule is expected to show only one single band. The
fluorescence spectra show only the locally band inn-hexane at
3.48 eV. However, in acetonitrile, both locally and charge-
transfer bands are measured at 3.10 and 2.66 eV, respectively.
Our calculations are unable to reproduce the charge-transfer
energy measured in acetonitrile. However, from the potential
energy surface, it can be seen that if an energy stabilization
shall occur under solvent polarity, this will preferentially happen
by twisting the angle to 90°. Here, it is interesting to notice the
presence of a second excited state very close in energy to the
vertical charge-transfer state (0.08 eV using B3LYP-(Sm/Bg)).
In that case, the dual fluorescence might be explained also by
a double mechanism. Both charge-transfer and locally excited
states are populated in absorption. The locally excited state could
relax by a nonradiative process to its energy minimum from
which it emits (Lb band). The first charge-transfer excited state
follows the adiabatic surface via intramolecular twisting motion,
and emission occurs from the most stable twisted charge-transfer
state (La band).

V. Conclusions

In this paper, TDDFT calculations have been performed for
a set of dual (4DMAB-CN, 4DMAB-CHO, NMC7) and nondual
(4AB-CN, 3DMAB-CN, TMABN, 4DMAB-NO2) fluorescent
molecules. For most of these systems, the PES according to
the various mechanisms proposed in the literature, wagging,
planar, and twisting ICT, have been investigated using B3LYP
and/or MPW1PW91 functionals with a big (Bg) basis set. The
geometry has been optimized for the ground electronic state
structure using B3LYP or MPW1PW91 functionals with a small
(Sm) basis set. For NMC7, partial geometry optimization of
the 7-ring has been performed at the AM1 level for each twisting
dihedral angle investigated.

For all molecules, the wagging ICT model, corresponding to
the change of hybridization from sp3 to sp2 of the amino
nitrogen, does not lead to a stabilization in energy of the charge-
transfer excited state along the wagged coordinate.

No stable charge-transfer excited state having a quinoı¨dal
structure has been found on the potential energy surface, which
means that no support for the planar ICT model emerges from
this study.

Within the twisting ICT model, a charge-transfer state having
a twisted structure and a large dipole moment is predicted as a
minimum on the potential energy surface being able to explain
the presence of the strongly solvent-dependent La band, in the
fluorescence spectra. Our calculations support the twisting ICT
model as a possible mechanism to explain the dual fluorescence
phenomenon. However, prediction about the occurrence of the
dual fluorescence cannot be made only on the basis of structural
arguments. More than the geometrical structure, the potential
energy surface is of prime importance to make reliable predic-
tions about the occurrence of this phenomenon. The predic-
tiveness of the twisting ICT model requires complex calculations

of the potential energy surface that should ideally incorporate
solvent effects.

In agreement with experimental data, 4AB-CN is calculated
to be nondual fluorescent within the twisting ICT model. This
is explained by the fact that the perpendicular 1S excited state
is calculated higher in energy than its vertical conformer,
preventing it from twisting.

TMAB-CN is single fluorescent in the gas phase, and this is
nicely explained within the twisting ICT model. The molecule
is already twisted in the ground-state geometry. From the
perpendicular structure, the emission energy has been calculated
at 3.56 eV using the B3LYP-(Sm/Bg) method, which has to be
compared to the experimental value of 3.22 eV. One possible
source of disagreement could be attributed to the geometry that
has not been fully optimized for the twisted charge-transfer
excited-state structure.

Like TMAB-CN, both 3DMAB-CN and 4DMAB-NO2 present
only one band in their fluorescence spectra, even in polar
solvents. This could be understood looking at their potential
energy surfaces, similar to that of TMAB-CN. The first excited
state keeps its charge-transfer character along the twisting path,
and no avoided crossing is observed. In the case of 4DMAB-
NO2, emission should occur from the twisted charge-transfer
excited state. For 3DMAB-CN, more investigations are needed
to clearly determine from which conformer (planar or twisted)
the La emission takes place.

The 4DMAB-CN and 4DMAB-CHO molecules are similar
in terms of their fluorescence spectra. The dual fluorescence is
explained by the following double mechanism as already
suggested by Serrano et al.1 The Lb band is associated to the
emission from the first vertical locally excited state, and the La

band corresponds to the radiation from the twisted charge-
transfer state that is reached by following the adiabatic surface
according to the intramolecular twisting from the first vertical
locally excited state. 4DMAB-CHO is dual fluorescent only in
polar solvent, whereas 4DMAB-CN exhibits this phenomenon
even in nonpolar solvent. This could be understood in terms of
the energy barrier along the twisting angle that is higher in the
case of 4DMAB-CHO than in 4DMAB-CN.

The dual fluorescence of NMC7 is nicely explained by the
presence in the calculated absorption spectra of a locally excited
state very close in energy from the first charge-transfer excited
state. The Lb band corresponds to the emission from the locally
excited state, whereas the La band results from the twisted
charge-transfer state more stable in energy than the vertical
conformer.

According to our calculations, only the twisting ICT model
can explain the dual and nondual fluorescence of molecules
investigated in this study.
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