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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, 4ADMAB-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-NO,) 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 ADMAB-NO, 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 4ADMAB-CN and 4DMAB-CHO is explained within the twisting ICT model
by a double mechanism (already proposed by Serrano et al.: Serrano-Andrés, L.; Merchan, 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.; Ktihnle, 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 of electron donor and acceptor groups on opposite sides of the
F | . hin the field of molecule, connected by a highly delocalizedlectron system,
or several years now, intense research in the field of ; key to their nonlinear optical properties. Recently, the dual

nonlinear optical and electrooptical organic material triggered fluorescence property of donor acceptor systems has been used
by their possible application as electrooptical switches, chemical in the context of molecular switchés
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large variety of compounds such as nonsubstituted linear
polyenes as well as in doneacceptor systems, structurally
similar to 4ADMAB-CN28-18

The fluorescence spectrum of 4DMAB-CN consists of the
so-called normal band sLwhich 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 bang Mthich exhibits
only long-axis polarization is observed at lower energy. In polar
solvents, the kemission, 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 thealnd
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’d2°commaonly
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
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Figure 1. (a) Molecules investigated in this paper. ADMAB-CN, 4DMAB-
CHO, and NMC?7 do exhibit the dual fluorescence phenomenon, while the
others, 4AB-CN, 3DMAB-CN, 4DMAB-NQG, and TMAB-CN, do not. (b)

EIN and JULCN do not present dual fluorescence because the donor group
is prevented from twisting.

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

hydro-1H,5H-pyrido[3,2,14]Jquinoline-9-carbonitrile (JULCN)

or 1-ethyl-2,3-dihydro-#-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 aN,N-(
dimethylamino)benzonitrile (3DMAB-CN}}418where the rota-
tion of the amino group is still possible. It also does not explain
the dual fluorescence of NMC?7.

The planar intramolecular charge-transfer (PICT)

modef-1213.18.21has been proposed as an alternative to explain

two initial singlet states resulting in a more stabilized planar
structure. The final intramolecular charge-transfer state is
characterized by a quirgal structure with a configurational
change of the amino nitrogen and with a shortened berzene
amino bond length, preventing thus the twisting between these
two subunits. In this structure, the nitrogen lone pair becomes
part of thexr 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

the presence of dual fluorescence in seven-membered ringof an electronic coupling in the planar ICT model is in total

systems?g such as NMC7, in which the donor group cannot

(8) Rotkiewicz, K.; Grabowski, Z. R.; Krowczynski, A.; Kiihnle, W. Lumin.
1976 12/13 877.
(9) Dobkowski, J.; Kirkor-Kaminska, E.; Koput, J.; Siemiarczuk JALumin.
1982 27, 339.
(10) Rettig, W.; Rotkiewicz, K.; Rubaszewska, \®pectrochim. Actd 984
40A 241.
(11) Schuddeboom, W.; Jonker, S. A.; Warman, J. M.; Leinhos, U.; Kiihnle,
W.; Zachariasse, K. AJ. Phys. Chem1992 96, 10809.
(12) Zachariasse, K. A.; Grobys, M.; Tauer, Ehem. Phys. Lettl997 274
372

(13) Ilichev, Y. V.; Kthnle, W.; Zachariasse, K. Al. Phys. Chem. A998
102 5670.

(14) Rettig, W.; Bliss, B.; Dirnberger, KChem. Phys. Lettl999 305 8.

(15) Zachariasse, K. AChem. Phys. Let00Q 320, 9.

(16) Rettig, W.; Zietz, BChem. Phys. Let200Q 317, 187.

(17) Bulliard, C.; Allan, M.; Wirtz, G.; Haselbach, E.; Zachariasse, K. A,;
Detzer, N.; Grimme, SJ. Phys. Chem. A999 103 7766.

(18) Zachariasse, K. A.; Grobys, M.; von der Haar, Th.; Hebecker, A.; Il'ichev,
Yu. V.; Morawski, O.; Riicker, I.; Kiihnle, W.J. Photochem. Photobiol.,
A 1997 105, 373.

(19) Rotkiewicz, K.; Grellmann, K. H.; Grabowski, Z. Rhem. Phys. Lett.
1973 19, 315 Chem. Phys. Lettl973 21, 212.

(20) Grabowski, Z. R.; Rotkiewicz, K.; Siemiarezuk, A.; Cowley, D. J.;
Baumann, WNow. J. Chim.1979 3, 443.

(21) von der Haar, Th.; Hebecker, A.; I'ichev, Yu. V.; Jiang, Y.-B.; Kiihnle,
W.; Zachariasse, K. ARecl. Tra.. Chim. Pays-Bad4995 114, 430.

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® this explains why dual fluorescence is
observed for compounds such as 4DMAB-CN and 4DMAB-
CHO but not for 4AB-CN, 4DMAB-NQ, 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 normgémmission (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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Computational chemists have tackled this problem using for high-excited or Rydberg states when an asymptotically
various methodologies that either inclé&i&?2 or ignoré-17.33-40 correctedyy is usedf?53 makes TDDFT very attractive. It has
solvent effects. ADMAB-CN and, to a lesser extent, 4AB-CN been applied for the calculation of excitation energies of simple
have been favorite molecules due to their small size and the molecule4®-51.54-57 and large systen®$-6° However, in cases
existence of experimental datal17-2041Most theoretical cal-  where the ground-state description begins to break down, as is
culations do support the twisting rather than planar intramo- the case for dissociating molecufés®? care has to be taken
lecular charge-transfer model. In addition to those two models, with practical TDDFT with approximate functionals. In addition,

a third one, named the rehybridization intramolecular charge- it has been noticed that excitations involving large changes in

transfer model, has been proposed by Domcke and co-the charge density tend to be underestimated by TDDFT (even
workers#35390n the basis of their CIS and CASPT2 calcula- when the ground-state description appears to be adequate)
tions. This model has been applied for linear acceptor groups because present day exchange-correlation functionals are in

such as &N and G=CH where the change in carbon
hybridization from sp— sp? is responsible for the energy
stabilization.

Recently, time-resolved Raman spetiraf the charge-

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.

In this paper, we want to address the planar or twisting

transfer state of 4ADMAB-CN have been reported, also support- intramolecular charge-transfer issue for a set of dual (4ADMAB-

ing the twisting ICT model. Another pap#&t, combining

CN, 4DMAB-CHO, and NMC7) and nondual (4AB-CN,

CASSCEF calculations and time-resolved vibrational spectros- 3DMAB-CN, 4DMAB-NO,, TMAB-CN) fluorescent molecules
copy, concluded that a final statement between planar or twisting (see Figure 1) using the TDDFT method. TMAB-CN has been
cannot be made even though their results are in favor of the chosen because of the existence of experimental fluorescence

twisting ICT model.

The time-dependent density functional theory (TDDFT) is

now well-known as a rigorous formalist46 for the treatment

of excitation energies within the DFT framework. A few years

ago, Casida et &~*° have introduced a molecular formulation
of TDDFT. The combination of efficiency, that is, computational

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

cost, as well as precision, that is, a few tenths of an eV, even excited state. 3DMAB-CN, which is not dual fluorescent, will

(22) Kato, S.; Amatasu, YJ. Chem. Phys199Q 92, 7241.

(23) Broo, A.; Zerner, M. CChem. Phys. Lettl994 227, 551.

(24) Gorse, A.-D.; Pesquer, M. Phys. Chem1995 99, 4039.

(25) Scholes, G. D.; Phillips, D.; Gould, I. hem. Phys. Lett1997, 266,
521.

(26) Gedeck, P.; Schneider, SJJPhotochem. Photobiol., 2997 105, 165.

(27) Scholes, G. D.; Gould, I. R.; Parker, A. W.; Philips,Chem. Phys1998
234, 21.

(28) Purkayastha, P.; Bhattacharyya, P. K.; Bera, S. C.; ChattapadhyRigy$\.
Chem. Chem. Phy4999 1, 3253.

(29) Gedeck, P.; Schneider, S.JJ.Photochem. Photobiol., 2999 121, 7.

(30) Dreyer, J.; Kummrow, AJ. Am. Chem. So00Q 122, 2577.

(31) Mennucci, B.; Toniolo, A.; Tomasi, J. Am. Chem. So200Q 122, 10621.

(32) Sudholt, W.; Staib, A.; Sobolewski, A. L.; Domcke, ®hys. Chem. Chem.
Phys.200Q 2, 4341.

(33) Gorse, A.-D.; Pesquer, M. Mol. Struct.1993 281, 21.

(34) Sobolewski, A. L.; Domcke, WChem. Phys. Lett1996 259, 119.

(35) Sobolewski, A. L.; Domcke, WChem. Phys. Lettl996 250, 428.

(36) Parusel, A. B. J.; Kohler, G.; Grimme, $. Phys. Chem. A998 102
6297.

(37) Parusel, A. B. J.; Kohler, G.; Nooijen, M. Phys. Chem. A999 103
4056.

(38) Parusel, A. B. JPhys. Chem. Chem. PhyZ00Q 24, 5545.

(39) Sobolewski, A. L.; Sudholt, W.; Domcke, W. Phys. Chem. A998
102 2716.

(40) Sudholt, W.; Sobolewski, A.; Domcke, WChem. Phys1999 240, 9.

(41) Bauman, W.; Bischof, H.; Frohling, J. C.; Brittinger, C.; Rettig, W.;
Rotkiewicz, K. J.J. Photochem. Photobiol., 2992 64, 49.

(42) Kwok, W. M.; Ma, C.; Matousek, P.; Parker, A. W.; Phillips, D.; Toner,
W. T.; Towrie, M. Chem. Phys. Let200Q 322, 395.

(43) Gross, E. K. U.; Kohn, WAdv. Quantum Chem199Q 21, 255.

(44) Gross, E. K. U.; Ullrich, C. A.; Gossmann, U. J. Density Functional
Theory Gross, E. K. U., Dreizler, R. M., Eds.; NATA ASI Series;
Plenum: New York, 1994; p 149.

(45) Gross, E. K. U.; Dobson, J. F.; Petersilka, MDensity Functional Theory
Nalewajski, R. F., Ed.; Springer Series “Topics in Current Chemistry”;
Springer: Heidelberg, 1996; Vol. 81, p 81.

(46) Burke, K.; Gross, E. K. U. InDensity Functionals: Theory and

Applications. Proceedings of the Tenth Chris Engelbrecht Summer School (60

in Theoretical Physicsloubert, D., Ed.; Springer Lecture Notes in Physics;
Springer: Berlin, 1997.

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, ADMAB-
CHO and 4DMAB-NQ 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 staf@dt has been concluded that
for nontwisted ground-state molecules, agreement within 0.11
eV could be obtained when the B3LYP functional is used.

(50) Casida, M. E.; Jamorski, C.; Casida, K. C.; Salahub, DJ. Rhem. Phys.
1998 11, 4439.

(51) Tozer, D. J.; Handy, N. Cl. Chem. Phys1998 109, 10180.

(52) Handy, N. C.; Tozer, D. d. Comput. Chen1999 20, 106.
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Lett. 1997, 264, 573.
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excited states were computed using the one-particle density matrix.
These are formed by transforming the (XY) CI vectors into the
atomic orbital basis (see Stratmann et’dbr 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.

Figure 2. Schematic representation of the various mechanisms investigated The following general notation has been adopted: ©ptl/Func—

in this paper. The TICT model is represented by the variation of the twist
angle,e = 01 + 02/2, WhereGl = [3-1-2-5 andf = O4-1-2-6. The WICT
mechanism proposes a relaxation mode according to the waggingangle
= 180— O3-1-2-4. The PICT mechanism corresponds to a structural change
of the molecule toward a quiraal structure.

However for nonplanar molecules, like TMAB-CN, better results
are obtained when the MPW1PW91 functional is used (0.17

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 b% b2 or Opt= Func or Opt— bl = 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.

eV agreement with gas-phase experimental data for the charge- £ o) molecules, excitation energies are calculated low enough, as

transfer excitation energy).

All three possible mechanisms (see Figure 2) will be
investigated for all molecules using various functionals (B3LYP
and MPW1PW091), providing thus a large set of comparisons.
From these data, it will be possible to distinguish which mech-

compared to first ionization energy, to be considered as reasonable.
For example, at the B3LY®Sm/BQ) level,—enomo 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 (4ADMAB-NQ), 6.13 eV (TMAB-CN),

and 6.34 eV (NMC7).

anism leads to a stable charge-transfer excited state responsible Computed excitation energies correspond to vertical excitation

for the Ly band present in the fluorescence spectra.

Il. Computational Details

All calculations have been performed using the Gaussian 98
package A 6-31G(df” and a 6-313G(2d,pf®° basis 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 setis= 0.8, while
for the 6-311#G(2d,p) basis set the following values are useﬂl:=
0.1826, 0.4565¢2 = 0.1252, 0.313¢% = 0.646, 0.2584, andn;' =

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 B3LYP? and MPW1PW9T 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 thal
0.002 au. Energies and densities have been obtained through th

resolution of the KohrSham equation using the B3LYP or MPW1PW91

functional. Convergence criteria for the energy and for the density are

107 and 10° 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 Gaussi&h.Here, dipole moments for

(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, |.;
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. &Saussian 98Gaussian, Inc.: Pittsburgh,
PA, 1998.

(67) Hehre, W. J.; Ditchfield, R.; Pople, J. A. Chem. Physl972 56, 2257.

(68) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J.AChem. Physl98Q
72, 650.

(69) Frisch, M. J.; Pople, J. A.; Binkley, J. $.Chem. Phys1984 80, 3265.

(70) Becke, A. DJ. Chem. Phys1993 98, 5648.
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energies without the zero-point energy correction.

The various mechanisms that will be investigated are displayed in
Figure 2. The wagging motiom, is described by the variation of the
following dihedral anglex = (180 — [3-1-2-4)°. The potential energy
surface has been investigated according to the variatianfadm 0°
to 30° with a step of 10. For 4AB-CN, the surface has been investigated
up toa. = 60° because, at the B3LYP computed equilibrium geometry,
ol 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 quéit@imolecule has also
been investigated (planar ICT model). In this case, some bonds are
stretchedR,, R4, Rs), while others are shorteneBy( Rs;, Rs) according
to the following relation:lﬁ: = I%O(l + X)), where 0< X < 0.1, step is
0.02, andl@-0 corresponds tgth optimized bond length. Finally, the

Nwisted motion is described by the rotational anglewhich varies
Srom 0 to 180 with a step of 10 for most of the molecules of this

study. 6 is defined by @1 + 6,)/2, where6; represents the dihedral
angledsz-1-—2-5, and 6, corresponds tdls-1-»-6 (See Figure 2). The
potential energy surface will be explored according to the variation of
6 from its optimized ground-state valu€®.

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.

Ill. Results

A. The Potential Curves of 4ADMAB-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 CASP$284.35.39
DFT/SCI® STEOM?” and DFT/MRCP® do exist in the
literature.
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(Ta\l/J)/e é- _IIEIXperiSmentalhan(} CO’J‘F’DW‘*I’ S'\i/lnglet Excitazig)n Fnergies Our TDDFT results along the twisting angle are in agreement
eV), Osclillator Strengths, f, an ipole Moments, u , Tor : : : H
4DMAB-CN Using Various Functionals (Emission Energies Have Wlt,h other theoretical CalCUIatloonS performed using CASPT2
Been Calculated at the Perpendicular Optimized Ground-State (with a wagged moleculey = 21°) and DFT/MRCI methods.
Geometry (TICT); the Reader Is Referred to Ref 65 for the B3LYP On the other hand, DFT/SCI and CASPT2 results (with a
Absorption Energies) nonwagged moleculey = 0°) predict an energy minimum at
emission 0 = 60° for the first excited state. In Figure 4, calculations
Gsa 1A=CT 1B=LE performed with a wagging angle.(= 20°) are also displayed
methods u AE f u AE  f " for several twisting angle® = {0°, 30°, 60°, 9C°}. In this case,
exp 5—7 333 14—20 3.64 the C; axis is not an element_of symmetry of the molecule
CASPTZ2 510 3.74 0.00 1545 458 0.01 4.87 anymore, and therefore an avoided crossing occurs between the
gﬁgggz 5.75 33;924 0.00 1561 3‘;;5 0.00 570 first and second excited states because they have the same
STEOM 52 40 000 163 46 000 54 wreo!umble representation. For the wagged molecule, the_ energy
DFT/SCF® 55 34 000 193 45 0.00 5.9 barrier present on the potential energy surface of the first ex-
DFT/MRCI® 4.06 4.77 cited state that separates the two mininfa={ 0 and 90)

B3LYP-(Sm/Bgye 567 3.09 0.00 20.16 395 0.00 1853 resulting from the avoided crossing is calculated at 0.04 eV
B3LYS-(S£H/?9W9 5-68 gég 8.88 zg.ég 4.03 8-88 12-20 using the B3LYP-(Sm/Bg) method. CASPT2 and DFT/MRCI
MPWOL-(Sm/Bgfjo 5.7 2r o 19. 415 0. 1825 calculations report a value of 0.13 and 0.27 eV, respectively. It
2G.S. stands for ground stafeSee the following references: 2, 11,12, has to be restated that this energy barrier is only an estimation
20, 41, 72-74.¢ This value has been measuredrishnexane. In the gas  of the true energy barrier because it only represents a nonrelaxed

phase, this value is expected to be higher (between 3.53 and 3.638&6. ot ; ;
Computational Section for more details about the notation used here. scan along the twisting angle. Estimation of the true energy

¢Results for the nonwagged molecute £ 0°). For the ground state, an  barrier would require the knowledge of the energy of the

ehnergy_ incr%ase 0fd0-59 eaV is0 celéulatfd ?at=h90° as cgmp?redbtfz optimized twisted charge-transfer excited state, as well as the
t eoptlmlze groun state &t= 0°. esults for tl € wagged moiecu e _
= 20°). For the ground state, an energy increase of 0.52 eV is calcu- energy of the transition st.ate along thg pfath from the ground
lated at0 = 90° as compared to the optimized ground state) at 0°. to the charge-transfer excited state optimized structure. There-

9 Results for the nonwagged molecute £ 0°). For the ground state, an  fore, only methodological comparisons are meaningful in this
energy increase of 0.59 eV is calculateddat= 90° as compared to the

optimized ground state & = 0°. The MPW91-(Sm/Bg) 1B(LE) and case.
1A(CT) absorption energies have been calculated at 4.47 and 4.71 eV, \Within the twisting ICT model, the Lfluorescence emission

respectively. 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 jthiand

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 spa®efo 3.94 eV from the
earlier calculation of Serrano et aAmong all theoretical re-
sults presented in Table 1, CASPT2 results yield the best
agreement with the experimental, lemission 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,

Experimental emission spectra and calculated excitation
energie$11.1220.41.7274 for ADMAB-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 geometty< 90°) are displayed
in Figure 3. In its electronic ground state, 4DMAB-CN has an
optimized geometry with &,, symmetry. In the absorption
spectrum, the first excited state, which describes the promotion
from the donor groupsyono) to the benzene moietyrgheny),
will be noted 1B. The second excited state, which corresponds
to the transition from the donorr{ono) to the acceptor group
(7Taccepta), Will be called 1A (see ref 65).

The potential energy surface of the ground and low-lying

igglg.;aetzgt?: rsetzéeniec(i)f'n A":[_)MgBécpheal?ggnéhsiatt\évsggg and therefore symmetry could not be used to identify the various
! ISP In Figure 2. ground- 9 excited states. The potential energy surfaces of the ground and

increases along the twisting path reaching a maximug =at iy . ) .
90°, and a crossing appears between the first and second excitecliOW lying singlet states of 4AB-CN along the twisting path are

. S displayed in Figure 5. There is an avoided crossing@ &t 50°
stateos. The energy of the 13 s.tate has its minimum valu at between the first (1S) and second (2S) excited states. Therefore,
= 0° (the ground-state optimized geometry) and reaches a

maximum value ab = 9¢°. The energy profile of the 1A state the nature of both 1S and 2S excited states, that are described

- . .. in absorption by the following electronic transiti —
presents a minimum at the perpendicular structure, and it - P y 9 OFhonor

. L 7 andgonor— Tacceptor respectively, will change after the
represents the low XCi long the twisting angle. *Phenvl onor. — ~ -acceplor X :
eE)r;]ase tts the fotheslt: (t:tfd shtate alo Ig ! et:]W tSt. Qt] ang eth avoided crossing. Af = 90°, the 1S state is described by the
€ nature ot the 1A state changes along the twisting path, gq oyqjc promotion fromy — Zacceptor @and the 2S state is
reaching a full charge-transfer character for the perpendicular

o i ; associated to the electronic transition from — 7, The
phenyt
structure as it is reflected by the change in the oscillator strength energy profile of the first excited state, 1S, presents two minima
values (see Table 1).

atf = 0° and atd = 90°, whereas the 2S one shows a minimum
J— O H p— -
(72) Rettig, W.; Braun, D.; Suppan, P.; Vauthey, E.; Rotkiewicz, K.; Luboradzki, at N 0 a”q a maximum af = 90?' In the case of 4AB CN’_ i
R.; Suwifiska, K.J. Phys. Chem1993 97, 13500. the first excited-state energy profile presents the lowest mini-
(73) Chattopadhyay, N.; Rommends, J.; Van der Auweraer, M.; de Schryver, mum at the optimized ground-state structure, whereas for

F. C.Chem. Phys. Lettl997, 264, 265. e . . . .
(74) Guinther, R.; Oelkrug, D.; Rettig, W. Chem. Phys1993 97, 8512. 4DMAB-CN, the lowest minimum is associated with the twisted
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4DMAB-CN Model Compound 4DMAB-CHO Model Compound

Opt. Geom. #=90 deg Twisted Geom. Opt. Geom. #=90 deg Twisted Geom.

LUMO1 ¢ Thenyt LUMO+1 : Thnenyt LUMO+1 ¢ Tpheny LUMO+1 & Tphenyt

%

LUMO : Tacceptor LUMO : Tacceptor LUMO : Waeceptor LUMO : Tacceptor
HOMO : Tgonor HOMO : ny HOMO : Tdonor HOMO : ny

%,

%

HOMO-1 : Tprenyt HOMO-1: Tmolecule HOMO-1: no
HOMO-2 : Tmolecule HOMO-2 : Tprenyt HOMO-1 : Tmotecule HOMO-2 : Tmolecule

Figure 3. Molecular orbitals for the optimized ground-state structure and for the twisted conformer of 4ADMAB-CN (left) and 4DMAB-CHO (right). The
molecular orbitals computed for 4AB-CN, 3DMAB-CN, TMAB-CN, and NMC7 are similar to those of 4ADMAB-CN. The molecular orbitals of 4ADMAB-
NO; are similar to those of 4ADMAB-CN except the HOMQ which is described by a combination of the lone-pair orbitals of the oxygen.

conformation of the 1A state. All other theoretical calculations 4AB-CN molecules does not stabilize along this motion path.
are in agreement with this picture. This shows that this mechanism is unable to explain theaihd
Table 2 reports the experimental dipole moment and calcu- present in the fluorescence spectra as well as its strong
lated emission energies for the twisted conformation as well as dependence on solvent polarity.
the corresponding computed dipole moments and oscillator To complete the study, the potential energy surfaces of
strengths. In our previous pag®rit was shown that B3LYP 4DMAB-CN and 4AB-CN have also been calculated along the
computed absorption energies (4.57 and 5.06 eV) compared wellstructural change of the molecule toward a final qitiab
with “hypothetical” gas-phase values estimated at 4.45 and 4.86structure, see Figure 7 (see Computational Section for more
eV for the 1S and 2S excited states, respectively. In agreementdetails about the chosen coordinates). Within the planar ICT
with other theoretical results, the twisted 1S excited state ( model, the fluorescence is supposed to take place from a final
90r) is calculated higher than the optimized conformatiéh ( quinddal structure that results from the coupling of both
= 0°), with both B3LYP-(Sm/Bg) and MPW91-(Sm/Bg) locally and charge-transfer excited states according to the
methods. Our calculated emission energies from the twisted 1Schange in the configuration of the amino group toward plan-
state are between CASPT2 (with a wagged molecule) andarity. In the case of the 4ADMAB-CN molecule, the ground-
DFT/SClI results. The B3LYP calculated dipole moments of the state energy increases along this coordinate, and the first
ground and second excited states decrease along the twistingind second excited-state surfaces present a crossirg=at
angle, whereas the one of the first excited state increases alon@.02. For higher values of, excited-state energies increase,
the same coordinate. The other theoretical results observed theand no stabilization in energy for the charge-transfer ex-
same variation. cited state is observed along this structural change coordi-
The potential energy surface of the ground and low-lying nate. In the case of the 4AB-CN molecule, the computed po-
states of 4ADMAB-CN and 4AB-CN according to the wagging tential energy surface is similar to that computed for the
motion has also been explored using the TDDFT method, see4DMAB-CN system. Therefore, this structural change could
Figure 6. In agreement with both CASPT2 and DFT/SCI results, not be the mechanism that explains why the 4DMAB-CN
the “planar” charge-transfer state of both 4ADMAB-CN and molecule is dual fluorescent, whereas 4AB-CN is not, because
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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, u (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)

6.0 1 4DMAB-CN

5.0
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o PSR e
4 . »
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A J

4.0

emission

~
Te g o

G.Ssa 1S

AE f u

2S
AE f u

methods u

exp11.2041 5-7
CASPTZb 5.51
CASPTZ¢ 4.86
STEOM 51
DFT/SCP®é 5.3

B3LYP-(Sm/Bgj¢  5.33
MPW91-(Sm/Bg}' 5.39

w
o
)

4.24
4.10
4.6
4.7

4.41
4.57

0.00
0.01
0.00
0.00

0.00
0.00

5.21
4.65
53 51 0.00
54 45 0.00

18.79 4.97 0.00
18.26 5.10 0.01

3.82
454

0.00
0.00

15.75
15.65
14.5
18.1

5.57
5.67
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--e- 1B
- -1A

G.S.(wg=20 deg)
1S (wg=20 deg)
2S (wg=20 deg)

Excitation Energies in eV
g
(=]

—
S
n

aG.S. stands for ground stat® CASPT2 results with a wagging angle
equal to 0. For @ = 0°, the 1S and 2S states correspond to the IB and 1A
states, respectively, when the C2 symmetry is used. Within this symmetry,
a crossing appears on the PES, and the 1S and 25-&0° correlate with
the 1A and IB states, respectiveyCASPT2 results with a wagging
angle equal to 21 9 See Computational Section for more details about the
notation used heré.For the ground state, an energy increase of 0.42 is
calculated ab = 90° as compared to the optimized ground staté &t 0°.
fFor the ground state, an energy increase of 0.44 is calculat@e=e20°
as compared to the optimized ground stat® a 0°. The MPW91-(Sm-
Bg) 1S and 2S absorption energies have been calculated at 4.69 and 4.98
eV, respectively.

00 g~ T T
0 50 100

Twisting Angle in deg.

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 nhonwagged molecule (symmn@iyyand

for a molecule with 20 wagging angle are shown.

6.0 -

4AB-CN
PO G 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 (3.984.08 eV) than the corresponding value in
n-hexane.

Fluorescence spectra of 3DMAB-CN show only one band,
even in polar solvents! This band has been observed at 3.42
eV in n-hexane. This nondual fluorescence has been explained
by Rettig et al* 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
authorst* the charge-transfer excited state should be much
higher in energy than the locally excited state such that even
- TTTTTTTES ——-- strong polar solvents could not lead to an energy stabilization

T A ' 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
both potential energy surfaces along this motion present similar avoided crossing a@ = 35°. Along the twisting coordinate,
behavior. the charge-transfer excited state energy remains nearly constant.

3DMAB-CN is an excellent test to compare to 4ADMAB-CN  The energy of this state for the perpendicular conformation is
because both have the same donor and acceptor groups whilealculated higher than the one of the optimized geometry
both show a different fluorescence behavior. Contrary to conformation by 0.04 eV when the MPW91-(Sm/Bg) is used,

5.0 ¢

4.0 A

TS
—e. 28

3.0 1

2.0

Excitation Energies in eV

100
Twisting Angle in deg.

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.

4ADMAB-CN, the ground-state optimized geometry of 3SDMAB-
CN computed at the B3LYP-(Sm/Bg) level is nonplana? £

15.382 and 6° = 0°). Experimentally, the absorption energy decreases as the twisting angle increases. For the first excited
of SDMAB-CN has been measured at 3.83 eVnimexane:

whereas a 0.06 eV stabilization is computed with the B3LYP-
(Sm/Bg) method. The dipole moment of the ground state

state, the dipole moment increases along this coordinate,

Table 3 displays experimental and calculated absorption andreaching a maximum of 18.53 D fér= 90°. This means that
emission energies as well as their corresponding computedin a polar solvent, the twisted charge-transfer excited state should
dipole moments and oscillator strengths. According to our be more stabilized than the planar configuration. Therefore,
calculations, the first vertical excited state corresponds to the emission might occur from the perpendicular charge-transfer
charge-transfer state and is followed by the locally excited excited state. In the case of the 3DMAB-CN molecule, we think
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Figure 6. Computed PES using the B3LYP-(Sm/Bg) method as a function

of the WICT coordinate for 4oDMABN (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).

that more investigations are needed with various functionals andelectron energy loss technique. It has been shown that for this
other ab initio methods to clearly establish the variation of the molecule, results of better quality are obtained with the
energy along the twisting coordinate. MPW1PW91 functional (4.10 eV) rather than with the B3LYP
For this molecule, the wagging motion has also been one (3.91 eV) when compared to experimental data (4.27 eV).
investigated, but is not reported in this paper because it leadsDFT/SCI’ computed excitation energies are in agreement with
to the same results as in the case of 4ADMAB-CN. No stabi- our TDDFT results. TMAB-CN is an interesting case because
lization in energy is computed for the charge-transfer excited its fluorescence spectra is known in the gas phase. In emission,
state along the wagging coordinate. The planar motion has notonly one band has been observed, measured at 3.22 eV. Figure
been studied for this system, because it does not make sense t8a displays the potential energy surface of the ground and low-
study the transition toward a quiittal structure of a compound  lying states of TMAB-CN along the twisting coordinate.

with the acceptor group in the ortho position. Contrary to 4ADMAB-CN, the lowest singlet excited state, 1S,

B. The Potential Curves of TMAB-CN and NMCY7. at the ground-state geometry has a charge-transfer character and
Contrary to previous molecules of this study, TMAB-CN is a corresponds to the transition from the donayghe) to the
twisted ground state structure with a twisting anglfe= 114°. acceptor faccepto) group. The second excited state, 2S, is

The computed absorption spectrum has already been discussedssociated to the electronic promotion from the donor group
in our previous pap& and compared to the most recent (mgono) to the benzene moietyngheny). The energy gap
experimental gas-phase measureméntsrformed using the  between these two excited states is calculated at 0.31 eV and at
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Table 3. Experimental and Computed Singlet Excitation Energies (eV), Oscillator Strengths, f, and Dipole Moments, u (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.sa 1S=CT 2S=LE G.sa 1S=CT 2S=LE
methods u AE f u AE f " " AE f u AE f u
expt 3.89 3.4Z
B3LYP-(Sm/Bg}-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/Bgyf 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 stateAbsorption measured in-hexane; this value is expected to be higher in the gas phase (between 3.98 and 4.08 eV).
¢ Emission measured inrhexaned See Computational Section for more details about the notation usedtf@nethe ground state, an energy increase of
0.47 eV is calculated & = 90° as compared to the optimized ground staté at 0°. f For the ground state, an energy increase of 0.51 eV is calculated

at & = 90° as compared to the optimized ground staté at 0°.
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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 structére=(0°) is clearly
higher in energy than the pretwisted optimized ofie=(114°).
Therefore, motion toward a quirdgal 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-

3.0 7 ----GS 1H-1-benzazepine (NMC7), see Figure 1, is already twisted in
o 1S its ground-state geometry. At the computed equilibium geom-
20 - etry, the dihedral angle C5C2—N1—-C(ring), €', is equal to
——28 60.048 when the MPW91-(Sm/Bg) method is used. Tables 4
cceee2 38 and 5 display experimental and calculated absorption and
1.0 + emisson energies as well as the computed oscillator strengths
[ _ and dipole moments for the two molecules. The vertical ab-
0.0 d—mm==27 ',“" e ‘,‘“,‘7-,_ —_ sorption energy has been calculated at 4.47 and at 4.37 eV using
0 50 100 150 MPW91-(Sm/Bg) and MPW91-Sm/B3LYP-Bg methods, re-

Twisting Angle in deg.

Figure 8. Ground and low-lying singlet states of the 3DMAB-CN molecule
along the twisting path computed with the B3LYP-(Sm/Bg) method.

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 acetonittl&imilar
compounds with five- and six-membered rings, such as 1-meth-

0.57 eV using the B3LYP-(Sm/Bg) and the MPW91-(Sm/Bg) YI-6-cyano-1,2,3,4-tetrahydroquinoline (NMC6) and 1-methyl-
methods, respectively, see ref 65. The 1S potential energy5-cyanoindoline (NMC5), do not exhibit dual fluorescence.

surface shows a minimum for the twisted structuré at 90°,

These observations have been one of the origins of the planar

whereas the 2S energy profile locates a minimum at the ICT model put foward by Zachariasse e€according to this

optimized ground-state geometr§ € 114°).

model, the N-inversion mode could not occur in NMC5 and

The fluorescence emission from the twisted charge-transfer NMC6 due to the rigidity of the cycle, whereas it does in the

excited state is calculated at 3.56 and 3.72 eV using the B3LYP NMC7 due to more flexibility. Those arguments are in line with
and MPW1PW91 functionals, respectively, which is too high the experimental facts that the former two molecules are not
compared to the gas-phase experimental value measured at 3.2dual fluorescent, while the latter is.
eV. One possible factor to explain this disagreement between Figure 9b displays the PES along the twisting coordinate,
calculated and measured emission spectra could be attributed’, of the ground and low-lying states of NMC7 computed using
to the fact that the geometry has not been reoptimized for eachthe MPW1PW91 functional. For each value @&f a partial
value of 8. However, we think that the general qualitative optimization of the seven-membered ring has been performed
behavior of the potential energy surface along the twisting angle using the AM1 method. The ground and second excited states
is well depicted within this approximation and that the stabiliza- present a minimum for 60 The charge-transfer excited state
tion of the charge-transfer state under this motion is in perfect (1S) energy remains almost the samefasaries from 60 to
agreement with the experimental fact, where only one band is 90°. For comparison, a partial optimization of the 7-ringfat
measured in the fluorescence spectra. The dipole moment for= 90° using the MPW1PW091 functional has been performed.
the ground state decreases along the twisting angle, whereas it this level of optimization, the twisted charge-transfer excited
increases along the same coordinate for the first and secondstate with &' = 90° is 0.10 eV more stable than the one
excited states. corresponding to the optimized ground-state structure @'e.,
The wagging motion has also been investigated for this = 60°). It can be noticed that the energy of all states increases
molecule, and, as in previous cases, ho minimum has been foundas 0' varies from 60 to ©. Our calculations are unable to
for the 1S state, thus discrediting this mechanism as a possiblereproduce the Lemission measured at 2.66 eV in acetonitrile,
explanation for the observed fluorescence. because solvent effects are not treated explicitly. However, the
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(a) Table 4. Experimental and Computed Singlet Excitation Energies
9.0 - (eV), Oscillator Strengths, f, and Dipole Moments, u (D), for
: TMAB-CN TMAB-CN Using Various Functionals (Emission Energies Have
. Been Computed at the Perpendicular Optimized Ground-State
8.0 !~g\ ,;; Geometry (TICT Model); the Reader Is Referred to Ref 65 for the
S g & Absorption Energies)
R
% 7.0 1 . & ,\ emission
\ 5 9
g * ‘3- _,a" G.S2 1S=CT 2S=LE
» 6.0 - “:. 7] .
2 Ne ] ’.f methods u AE f u AE f u
£ 50 RN I\ exp/s 3.22
5 T . o7 exp’® 3.22
g 40N Sca T / B3LYP-(Sm/Bgf® 584 356 000 21.06 440 0.00 18.93
-g 30 AN J MPW91-(Sm/Bg)d 5.85 3.72 0.00 20.63 4.58 0.00 18.76
o : 1 \\ !
= * ! aG.S. stands for ground stafeSee Computational Section for more
N\
B 20 - ‘\ ----GS. / details about the notation used het&or the ground state, an energy
\ e 1S 7 increase of 0.09 eV is calculatedét= 90° as compared to the optimized
1.0 A “ e ground state ab = 114°. 9For the ground state, an energy increase of
N ---2§ R4 0.11 eV is calculated af = 90° as compared to the optimized ground
00 N __ -7 state a) = 117.
0 50 100 150 4AB-CN, the potential energy surface of ADMAB-CHO presents
Twisting Angle in deg. an avoided crossing along the twisting angle between the first
b and second excited states. The first vertical excited state, 1S,
(b) 70 - E that corresponds to the transition from the lone pair on the
NMC7 3 oxygen, np, to the acceptor groupracceptor(S€€ Figure 3 for
60 g details about the molecular orbitals), will change nature along
R T v the twisting coordinate. This state will gain more charge-transfer
% ) REEI 'j::\_\* o character as the twisting angle increases, and,=at90°, it is
g 507 R ¢ _ ‘,--"”6 mainly described by the transition from the lone pair on the
3 TEmagen T 3 nitrogenny to the acceptor groupacceptor The potential energy
E" 4.0 - surface of this 1S state shows a minimun®at 90°. Emission
5 from the twisted 1S state is computed at 2.75 and 2.95 eV using
= 3.0 - the B3LYP and MPW1PW91 functionals, respectively. The
£ e lGé& dipole moment of the ground and second excited states decreases
.*g 20 - e 2§ as the twisting angle increases, whereas the reverse variation is
el observed for the first excited state. An estimate of the energy
10 - barrier is computed at 0.26 eV using the MPW1PW91 func-
T T tional.
Bt _,_/"' For this molecule, the planar and wagging motions have also
0.0 i A been investigated, but as in previous cases, no stabilization in
0 20 40 60 80 energy has been computed for any state along the corresponding

Twistine Angle 6 in d coordinates.
wisting Angle U™ n deg. The 4DMAB-NO, molecule is structurally very similar to
Figure 9. (@) PES along the twisting anglé, for TMAB-CN calculated 4DMAB-CHO, both being planar systems. Table 7 displays

using the B3LYP-(Sm/Bg) method. (b) PES along the twisting ardjle, ; P ; ;
(see text), for the NMC7 molecule computed with the AMLMPWS1-Bg experimental and calculated emission energies for this molecule

method. The empty symbols in the figure fbr= 90° represent calculations @S Well as their corresponding computed oscillator strengths and
performed at the MPW91-(Sm/Bg) level. dipole moments. Experimentally, this molecule is nondual
fluorescent, and only a single band is observed in polar solvents.
This has been attributed by Zachariasse &% &.the presence
of a large energy difference between the locally and charge-
transfer excited states, supporting thus the planar ICT model
X . L where a small energy difference is necessary for both states to
the relaxed Iocally excited state. Morg profound .lnv_estlgatlons couple, to lead to a more stable structure. The potential energy
are needed for t.hIS molecule to obtain a quantitative answer. surface of 4DMAB-NQ along the twisting angle is presented
C. The Pot_en_tlal _Curves of ADMAB-CHO and ADMAB- in Figure 10b. Unlike the ADMAB-CHO case, it does not present
NO.. The optimization of geometry of ADMAB-CHO leads to any avoided crossing, and the lowest vertical excited state, 1S,

a planar struct_ure. Experimgntal and calculate_d emission enelrgie§<eeps its charge-transfer character along the twisting coordinate,
as well as their corresponding computed oscillator strengths andreaching an energy minimum for the perpendicular structure.

dipole moments are repgrted in Table 6. This molecule exhibits The twisted charge-transfer excited state is more stable in energy

dual fluorescence only in polar solvents such as propanol or

n-butyl chloride?” thus excluding direct comparison with our  (75) Herbich, J.; Perez Salgado, F.; Rettschnick, R. B. Rhys. Cheml991,
; ; 95, 3491.

re_sul_ts. The po;entl_al energy sun_‘ace of this mol_ecule along the (76) Rotkiewicz, K.: Rubaszewska, W. Lumin. 1982 27, 221.

twisting angle is displayed in Figure 10a. As in the case of (77) Rettig, W.; Lutze, SChem. Phys. LetR001 341, 263.

potential energy surface provides a qualitative explanation of
the fluorescence activity of this molecule. In polar solvents, the
L, band can be assigned to the charge-transfer excited state
whereas the }.band could be attributed to an emission from
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Table 5. Experimental and Computed Singlet Excitation Energies (eV), Oscillator Strengths, f, and Dipole Moments, u (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 8’ = 90°)

absorption emission
G.Sz2 1S=CT 2S=LE G.sz2 1S=CT 2S=1LE
methods u AE f u AE f " " AE f u AE f u“
exp'é 418 2.66 3.48
MPW91-(Sm/Bgy-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-Bgf 6.10 3.96 0.07 18.99 4.57 0.00 14.67
MPW91-Sm/
B3LYP-Bg'9 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

aG.S. stands for ground stafeAbsorption and fluorescence spectra measured-irexane Fluorescence spectra measured in acetoniftifee
Computational Section for more details about the notation used hEce.the ground state, an energy increase of 0.55 eV is calculat¢d=at90° as
compared to the optimized ground statéat= 60°. f For the ground state, an energy increase of 0.41 eV is calculatéd=a80° using the AM1/MPW91-
Bg method as compared to the optimized ground state computed at the MPW91-(Sm/Bg) levl=wiBlo°. 9 For the ground state, an energy increase of
0.40 eV is calculated &' = 90° as compared to the optimized ground staté®'at 60°, using the MPW91-Sm/B3LYP-Bg method.

Table 6. Experimental and Computed Singlet Excitation Energies
(eV), Oscillator Strengths, f, and Dipole Moments, u (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

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 Lband emission either in polar or in nonpolar

e nature of ste A€ f = solvents. The TMAB-CN molecule is the only case where
exp cr 242 gas-phase emission measurements have been performed. In
G.S? 0.62 4.41 our calculations, the solvent has not been treated, explicitly
1S M — Tacosptor (2:%) 0.00 (2413354) Iimi.ting the comparison bfet\{vegn calculated .and measured
(2.95) (0.00) (20.52) emission spectra. Another limitating parameter is the geometry
2S No — Tacceptor 3.59 0.00 2.55 of the excited state. Full optimization of geometry has been
33 7 (2:8? (8:88) S:(l)? performed_only for the ground electro_nic state s_trl_Jcture, and
phen (4.26) (0.00) (16.83) the potential energy surface calculations are limited to the

change of an angle or bond lengths, according to the investigated

aMeasured im-butyl chloride?” P G.S. stands for ground state. For the  mechanism.

ground state, an energy increase of 0.62 and 0.64 eV is calculated at . . .
90° using the B3LYP-(Sm/Bg) and MPW91-(Sm/Bg) methods, respectively, While the difference to the experimental results may be due

as compared to the optimized ground staté at 0°. The 1S, 2S, and 3S  to these shortcomings, results of this investigation still give
absorption energies have been computed at 3.86, 4.26, and 4.57 eV “Singnsight into the mechanism of the dual fluorescence. Eor all
the MPW91-(Sm/Bg) method. .
molecules, it has been shown that the planar ICT model

than the planar conformer by 0.61 and 0.52 eV, and emission (investigated according to the coordinates of this work) does
from this state is computed at 2.35 and 2.61 eV using B3LYP- not lead to any energy stabilization for the charge-transfer
(Sm/Bg) and MPW91-(Sm/Bg) methods, respectively. The excited state. The same observation is also valid for the wagging
nondual fluorescence of ADMAB-NOnight be comparableto  mechanism. According to our calculations, only the twisting
that of TMAB-CN. Again, the vertical charge-transfer excited ICT model appears to be a possible mechanism to explain the
state reaches, by a radiationless process, a perpendical structureglual and nondual fluorescence. It is the only model that leads
precursor of the L emission. However, comparison between to an energy stabilization and to an increase of the dipole
calculated and experimental emission energies for theahd moment of the charge-transfer excited state along the twisting
is difficult because the spectra have been recorded in polarcoordinate, reflecting the low energy and the strong solvent
solvents?®81The computed dipole moments of the ground and polarity dependence of the,lband.
second excited states decrease along the twisting path, whereas As Rettig has mentioned in his papers, these deaoceptor
the reverse variation is observed for the first excited state with systems can be classified into two groups. The first, which
both functionals. includes 4DMAB-CN, 4AB-CN, and 4DMAB-CHO, corre-

Both wagging and planar motions have been investigated sponds to systems where the vertical charge-transfer excited state
showing no stabilization of the two lowest excited states. For is above the locally excited state, which is the first excited state.
both molecules, these models do not seem to apply. 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

Investigation of the mechanisms that are involved in the dual there is an avoided crossing, the first vertical excited state will
fluorescence is complex due to the interplay of dynamical,

IV. Discussion

(80) Carsey, T. P.; Findley, G. L.; McGlynn, S. P.Am. Chem. Sod.979

(78) Nicolet, P.; Laurence, G. Chem. Soc., Perkin Trans.1®86 1071.
(79) Laurence, C.; Nicolet, P.; Tawfik Dalati, M. Phys. Chem1994 98, 8,
5807.
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101, 4502.
(81) Schuddeboom, W.; Warman, J. M.; Biemans, H. A. M.; Meijer, EJW.
Chem. Phys1996 100, 12369.
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(a) Table 7. Experimental and Computed Singlet Excitation Energies
(eV), Oscillator Strengths, f, and Dipole Moments, u (D), for
6.0 4 4DMAB-CHO 4DMAB-NO; Using Various Functionals (Emission Energies Have
Been Computed at the Perpendicular Optimized Ground-State
Geometry (TICT Model); Values in Parentheses Are Computed
5.0 - Using the MPW91-(Sm/Bg) Method Otherwise Using the
> M B3LYP-(Sm/Bg) Method; the Reader Is Referred to Ref 65 for the
Y 1 B3LYP Absorption Energies)
g “""""",‘2‘.:«,’""—‘_‘.*.‘"",.*:T:ff""—""’ —
- 40 —0”.'_,,,0- L 2 * e emission
Q .« ‘,,0
Eﬁ AR g state nature of state AE f u
g 30 exp CT 2.82
= 2.88
S G.s¢ 0.65 5.93
S 20 (0.67) (5.82)
> 1(A) NN — Tacceptor 2.35 0.00 26.32
e} ----GS. --&-- 18 (2.61) (0.00) (24.96)
10 - --e—- 28 ——3S J 1(1A) Ng — Tacceptor 3.64 0.00 2.10
: (3.81) (0.00) (2.19)
=TT T -~ 1(*Bo) NN — Tpenzene 3.97 0.00 18.67
7 T~ (4.18) (0.00) (18.41)
00 —=——"—7——— 2(1By) Tpheny— Tacceptor 4.20 0.00 14.88
0 50 100 150 (N6 — Taccepto) 437)  (0.00) (2.44)
Twisting Angle in deg. aMeasured in EPA solvent, see ref 8Measured in benzene solvent,
see ref 81¢ G.S. stands for ground state. For the ground state, an energy
increase of 0.65 and 0.67 eV is calculateddat 90° using the B3LYP-
(b) (Sm/Bg) and MPW91-(Sm/Bg) methods, respectively, as compared to the
6.0 - 4DMAB-NO2 optimized ground state & = 0°. The 1tA1), (fA2), 1(By), and 1{By)
absorption energies have been computed at 3.80, 3.94, 4.50, and 4.52 eV
using the MPW91-(Sm/Bg) method.
5.0

. perpendicular charge-transfer excited state, an emission occurs

that is assigned to the,lband observed in the fluorescence

407 . Nl - h T spectra.
) AR .. et * In the second group of molecules, 3DMAB-CN, TMAB-CN,
3.0 4 T and 4ADMAB-NG;, 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
—.e—. 1A2 — B2 | state decreases along the twisting angle, reaching an energy
10 - minimum for the perpendicular configuration. TMAB-CN is in
________ that respect the most interesting example because gas-phase
=T - results exist, showing the prescence of only one band in the
00 +=~————7———— 7T fluorescence spectra. This can be understood by the form of
0 50 100 150 the potential energy surface of the first excited state that leads
to an energy stabilization of the twisted charge-transfer state as
Twisting Angle in deg. compared to the vertical one. After absorption, the vertical
Figure 10. PES of the ground and low-lying singlet states for 4DMAB- charg_e-transfer_state loses en_ergy by a npnradlatlve Process,
CHO (a) and for ADMAB-NQ (b) along the twisting coordinate calculated ~ €aching the twisted conformation from which thefluores-
with the MPW91-(Sm/Bg) and B3LYP-(Sm/Bg) methods, respectively.  cence occurs. 3DMAB-CN and 4DMAB-NQare similar to
TMAB-CN; they present only one band in the measured
change nature from locally to charge transfer along this fluorescence spectra, and the calculated potential energy surface
coordinate, and its energy profile will present an energy barrier shows that the first vertical excited state is the charge-transfer
whose highest value is related to the vertical energy gap betweerstate. According to our calculations, it seems likely that the
these two excited states. It is clear that the polarity of the solventvertical charge-transfer state of 4DMAB-N@ould reach a
plays a role in modifying the vertical energy gap as well as the perpendicular structure because the gain in energy in twisting
energy barrier, making the potential energy surface strongly is equal to 0.61 and 0.52 eV using B3LYP-(Sm/Bg) and
dependent on the solvent nature. For these systems, the dualPW91-(Sm/Bg) methods, respectively. However, this mol-
fluorescence is explained by a double mechanism within the ecule is known to be nonfluorescent in nonpolar solvents.
twisting ICT model, already proposed by Serrano étliring Instead, phosphorescence is observed, suggesting other patterns
the absorption, both the locally and the charge-transfer excited of deactivation. Fluorescence is only observed in polar solvents.
states are populated. The charge-transfer excited state will loseln the case of 3DMAB-CN, the two functionals disagree in terms
energy by a nonradiative process to the locally excited state of the energy gain for the charge-transfer excited state along
from which the L, emission takes place. The locally excited the twisting angle. The B3LYP-(Sm/Bg) method predicts an
state can also achieve a stabilization by following the hyper- energy stabilization of 0.06 eV according to this coordinate,
surface of the intramolecular twisting motion. From the final whereas a destabilization of 0.04 eV is computed using the

2.0 A

Excitation Energies in eV
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MPW91-(Sm/Bg) method. This case requires more investiga- of the potential energy surface that should ideally incorporate
tions to reach a pertinent conclusion. solvent effects.

NMC?7 belongs to the same group as TMAB-CN, where the  |n agreement with experimental data, 4AB-CN is calculated
first vertical excited state is the charge-transfer state. Therefore,to be nondual fluorescent within the twisting ICT model. This
this molecule is expected to show only one single band. The is explained by the fact that the perpendicular 1S excited state
fluorescence spectra show only the locally band-imexane at s calculated higher in energy than its vertical conformer,
3.48 eV. However, in acetonitrile, both locally and charge- preventing it from twisting.
transfer bands are measured at 3.10 and 2.66 eV, respectively. TpAB-CN is single fluorescent in the gas phase, and this is
Our calculations are unable to reproduce the charge-transferyicely explained within the twisting ICT model. The molecule
energy measured in acetonitrile. However, from the potential js aready twisted in the ground-state geometry. From the
energy surface, it can be seen that if an energy stabilization perpendicular structure, the emission energy has been calculated
shall occur under solvent polarity, this will preferentially happen 5t 356 eV using the B3LYP-(Sm/Bg) method, which has to be
by twisting the angle to 90 Here, it is interesting to notice the  compared to the experimental value of 3.22 eV. One possible
presence of a second excited state very close in energy 1o thesoyrce of disagreement could be attributed to the geometry that

vertical charge-transfer state (0.08 eV using B3LYP-(Sm/Bg)). has not been fully optimized for the twisted charge-transfer
In that case, the dual fluorescence might be explained also byeycited-state structure.

a double mechanism. Both charge-transfer and locally excited | i\« TMAB-CN. both 3DMAB-CN and ADMAB-NQ present
states are populated in absorption. The locally excited state couldOnly one band i7n their fluorescence spectra, even in polar

rerllgxht_)y a ponradiative pkr]ocgss tﬁ its energy minimum froM solvents. This could be understood looking at their potential
which it emits (L, band). The first charge-transfer excited state energy surfaces, similar to that of TMAB-CN. The first excited

follows .the. adiabatic surface via intramolecu!ar twisting motion, state keeps its charge-transfer character along the twisting path,
and emission occurs from the most stable twisted charge-transfer, 4 1o avoided crossing is observed. In the case of 4DMAB-
state (la band). NO,, emission should occur from the twisted charge-transfer
V. Conclusions excited state. For SDMAB-CN, more investigations are needed
to clearly determine from which conformer (planar or twisted)

In this paper, TDDFT calculations have been performed for the L, emission takes place.

a set of dual (4ADMAB-CN, 4DMAB-CHO, NMC7) and nondual -
(4AB-CN 3I§MAB-CN TMABN. 4DMAB-NO ))fluorescent The 4DMAB-CN and 4DMAB-CHO molecules are similar
molecule’s For most C,)f these s’ystems the ZPES according toin terms of their fluorescence spectra. The dual fluorescence is
the various mechanisms proposed in the literature, Wagging,eXpl"’“mtmld bby ;he fO||OV\'/[I1I‘1$_thUbt|)e rggchamsm ta?j f\lrtehady
planar, and twisting ICT, have been investigated using B3LYP suggested by >errano et-alhe Ly ban IS associated fo the
and/or MPW1PW91 functionals with a big (Bg) basis set. The emission from the first vertical _Ioc_:ally excited statt_e, and the L
geometry has been optimized for the ground electronic statebanoI corresponds_ to the radiation frpm the tV\.”SteO.I charge-
structure using B3LYP or MPW1PWO1 functionals with a small transfer state that is reached by following the adiabatic surface
(Sm) basis set. For NMC7, partial geometry optimization of according to the intramolecular twisting from the first vertical

the 7-ring has been performed at the AM1 level for each twisting locally excited state. ADMAB-CHO is du.all quorescent only in
dihedral angle investigated. polar solvent, whereas 4DMAB-CN exhibits this phenomenon

For all molecules, the wagging ICT model, corresponding to even in nonpola_lr solvent. This (_:ogld be underst_ood_ in ter_ms of
the change of hybridization from ¥go s@ of the amino the energy barrier along the.tW|st|ng angle that is higher in the
nitrogen, does not lead to a stabilization in energy of the charge- case of 4ADMAB-CHO than in 4DMAB'¢N' .
transfer excited state along the wagged coordinate. The dual fluorescence of NMC?7 is nicely explained by the

No stable charge-transfer excited state having a gdalor ~ Presencein the galculated absorptlon spectra of a locally exqted
structure has been found on the potential energy surface, whichState very close in energy from the first charge-transfer excited
means that no support for the planar ICT model emerges from statg. The L band corresponds to the emission from the'locally
this study. excited state, whereas the, band results from the twisted

Within the twisting ICT model, a charge-transfer state having charge-transfer state more stable in energy than the vertical
a twisted structure and a large dipole moment is predicted as aconformer.
minimum on the potential energy surface being able to explain  According to our calculations, only the twisting ICT model
the presence of the strongly solvent-dependertidnd, in the can explain the dual and nondual fluorescence of molecules
fluorescence spectra. Our calculations support the twisting ICT investigated in this study.
model as a possible mechanism to explain the dual fluorescence .
phenomenon. However, prediction about the occurrence of the. Ackn(_)wledggwen_t. C;"‘]."]' v(\;_ants to_ thank Dr. |||_|' dnfrkerr
dual fluorescence cannot be made only on the basis of structurali?gﬁ(r)isst'?i?q;:ci;tgu act)'zg CIjCJus\i;g:fsa:IS\/Z)etoatshaonrk :;’rCO’\T'
arguments. More than the geometrical structure, the potentiaID s for hi pport. t'.' ) i d . .th' :
energy surface is of prime importance to make reliable predic- esmarais -for nis support in reading and correcting this
tions about the occurrence of this phenomenon. The predic- manuscript.
tiveness of the twisting ICT model requires complex calculations JA020361+
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