


































































































































































































88 5. CHARGE TRANSFER REACTION

study by Serrano-Andrés et al. on DMABN [8] demonstrated, based on the high value

of the oscillador strength of this excited state, that the second excited state S2, 1La,

is the one that absorbs the initial radiation. As emission is only possible from the

�rst excited state (according to Kasha Rules), there must be a non-adiabatic path

leading from the S2 to the S1 surface. Then, once on the S1 surface, an adiabatic

path must connect both LE and ICT excited states. The pro�le of this path will

be the key of the �uorescence pattern. The main hypothesis about the �rst part of

the path, leading from the S2 to the S1 surface, is that after the initial excitation,

an ultrafast internal conversion occurs through a funnel. A study of the DMABN

at ab-initio level made by Gomez et al. [9] con�rmed that after population of the

S2 state in FC, a quick relaxation without a signi�cant barrier leads to a S2/S1 CI

where the deactivation can occur. Moreover, they found that this nonradiative decay

can take place along an extended conical intersection seam. Anyway, some of the

DMABN derivatives studied experimentally that show dual �uorescence present very

small energy di�erence between the S2 and the S1 state, which might indicate that part

of the decay might occur trough vibrionic coupling as well. About the adiabatic path,

it has been considered for a long time that after the internal conversion the ICT state is

populated directly from the LE state. An extensive experimental work on DMABN and

derivatives suggested, based on time-resolved picosecond emission techniques, that the

rise time of the ICT �uorescence corresponds to the decay time of the LE emission [10],

although both processes were quicker (4 ps) than the instrument response functions

(>20 ps). Recent studies using femtosecond time-resolved techniques suggest that the

mechanism of this reaction might be more complex than thought, with the involvement

of a psv* state along the path to the ICT state. This hypothesis has been supported

as well by recent femtosecond transient absorption measurements [11, 12, 13].

The second controversial point lies on the structure of the emitting species. On this

point many theories have been postulated during the last thirty years, and even if most

of then are now discarded, it is of interest to revisit them. As we have said earlier, both

geometrical and electronic structure must be characterized. Some considerations about

the electronic character should then be explained before talking about the proper ICT

structure.

The Valence Bond (VB) theory is useful to describe the di�erent excited state that

are present in this reaction. Indeed, it allows to di�erentiate not only the LE and

ICT states in terms of the electronic distribution, but also the di�erent possible ICT

states. As shown in �gure 5.5, the ground and LE states have a covalent structure

derived from the combination of the typical two resonant electronic structure of the

benzenic ring (structure (I) and (II) for the ground and the LE states respectively).
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5.1. INTRODUCTION 89

Figure 5.5: Scheme of the electronic structures of the di�erent state of DM-
ABN according to VB descriptions

On the other hand, the CT structures have a zwiterionic character (structures (III)

and (IV)). This CT state can be described in terms of quinoid (Q) or antiquinoid

(AQ) structures. The quinoid structure, labelled (III) in �gure 5.5, is characterized

by shorter C-C central bonds of the benzene ring as well as shorter Cbenzene-Npyrrolo

bond. In the AQ structure (IV), stabilized by two resonant structures, the two central

C-C bonds of the benzene ring and the Cbenzene-Npyrrolo bond are elongated while the

others are shortened.

Di�erent ICT structures have been proposed in the last thirty years as potential

ICT emitting species. They are basically di�erentiated and named by their geometrical

structure (see Figure 5.6). The Twisted ICT (TICT) was proposed by Grabowski and

co-workers [14]. It is characterized by a twist of the amino group relative to the

plane of the phenyl ring. In the second one, proposed by Zachariasse et al. [15, 16],

the nitrogen atom of the donor group (the amino group) is rehybridized, adopting a

pyramidal conformation. This model is called Wigged ICT (WICT). Later, Zachariasse

proposed another model with a planar structure (Planar ICT (PICT)), with the amino

group being coplanar to the phenyl ring [17, 18]. The last model is the Rehybridization

by ICT (RICT) [19, 20] where the cyano donor group is rehybridized, from a sp to a

sp2 con�guration, leading to a closure of the C-C-N angle.

Today, the controversy lies essentially between the PICT and TICT models for

the numerous derivatives of the DMABN that have been studied. Some experimental

studies and almost all the theoretical calculations indicate that the twist angle is the

reaction coordinate for the population of the ICT state [9, 21], but there are experi-

mental works that support the PICT model. One of the arguments to support one or

the other is based on the relation between the electronic and geometrical structures.
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90 5. CHARGE TRANSFER REACTION

Figure 5.6: Scheme of the structures of the di�erent ICT models

In a twisted con�guration, the electronic coupling between the donor and acceptor

parts must be very small due to the zero overlap of the molecular orbitals of the two

moieties. The N-Phenyl bond that join them has for this reason a single bond charac-

ter so this distance is long. On top of this, the spectrum of the ICT state should be

equal to the addition of those of the donor and acceptor moieties. On the other hand,

in a PICT geometry, the coupling of the donor and acceptor parts should be strong

leading to an N-Phenyl bond with a double-bond character and consequently shorter.

Several experiences con�rmed the benzonitrile radical character of the ICT emitting

state, supporting so the TICT model. For example, the ICT-state absorption at 420

and 320 nm shows the same kind of absorption spectrum than this radical anion [22],

and picosecond time-resolved resonance Raman spectra of the ICT state show similar

characteristic modes than the benzonitrile anion as well [23].

Another set of experiments studied DMABN derivatives with geometrical con-

strains. Derivatives with a pretwisted amino group that show dual �uorescence sup-

port the TICT hypothesis [7], but other rigid derivatives that can twist only partially,

and still show the anomalous band, support the PICT structure as emitting species

[24].

The aim of the work presented in this chapter is to clarify some of the contro-

versial points regarding the ICT phenomena. With this idea in mind, we choose for

our study DMABN derivatives with di�erent characteristics. First of all, we studied

a set of bicyclic systems of increasing rigidity that exhibit di�erent �uorescence pat-

terns. The possible relation between geometrical constrains and dual vs. normal or

anomalous �uorescence can help to elucidate the geometrical structure of the emitting

species. On top of this, the agreement between the experimental observations and
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5.2. COMPUTATIONAL DETAILS 91

the theoretical predictions can be used to corroborate the adequacy of the theoretical

methodology used to develop this study. Following, we studied di�erent isomers of the

di-tert-butylaminobenzonitrile (DTABN). First of all, we were interested in studying

the in�uence of the bulky aminosubstituent that imposes a non-planar ground sate

geometry. Secondly we also studied the in�uence of the position of the substituents,

studying the orto- meta- and para-DTABN isomers. In the last part of this chapter

we present the results of the study of the tetra�uoro-DMABN (4F-DMABN). We were

interested in studying the in�uence of �uoro substitution because it has been observed

experimentally that the presence and number of �uor atom modi�es strongly the spec-

tral features of both absorption and emission. In fact, the 4F-DMABN shows only a

CT band, strongly red-shifted, even in non-polar solvents [25].

5.2 Computational details

The di�erent electronic states of the molecules named before have been studied with

the CASSCF method using a 6-31G(d) basis set. The 12 electrons and 11 orbitals

that constitute the active space include the benzene p and p* orbitals, the amino

nitrogen lone pair, and the four p and p* orbitals of the cyano group. Full geometry

optimizations were performed without any symmetry constraint. Numerical frequency

calculations were carried out to determine the nature of the stationary points. Intrinsic

reaction coordinates (IRCs) were also computed to determine the pathways linking the

critical structures (stationary points and CI). Conical intersections were optimized

using the algorithm of Beapark et al.[26] State averaged orbitals were used, and the

orbital rotation derivative correction to the gradient (which is usually small) was not

computed.

To incorporate the e�ect of the dynamic valence-electron correlation on the relative

energies of the lower excited states, we made CASPT2 calculations based on the CAS-

SCF(12,11) reference function. CASPT2 single-point energies were calculated at the

CASSCF (12,11)/6-31G(d) optimized geometries using an average of states between

the three lowest-energy singlet states S0/S1/S2. Nevertheless, in some zones of the

potential energy surfaces where the S1 and S2 states were almost degenerate and very

high with respect to the ground state, an average 0.5/0.5 between the S1/S2 states was

used. This is the case for the S2/S1 conical intersection. All CASPT2 computations

were performed using the completed Fock matrix to de�ne the zero-order Hamiltonian

together with an imaginary level shift of 0.2 to prevent incorporation of intruder states

[27, 28]. The CAS state interaction method (CASSI) [29, 30] was used to compute the

transition dipole moments of the various excited states in the Franck-Condon region,
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92 5. CHARGE TRANSFER REACTION

which were then used together with the excitation energies to determine the values

of the oscillator strength. Valence bond (VB) structures were determined using the

results of the computation of the second-order exchange density matrix Pij and the

diagonal elements of the electronic density matrix [31]. The elements of Pij have a

simple physical interpretation, which is related to the spin coupling between the elec-

trons localized in the orbitals residing on the atoms i and j. An illustration of the

meaning of these matrix elements can be found in ref [31].

In the case of the DTABN, due to the size of the system, we also made some

QM/MM calculations, as it will be explained in the corresponding section. The CAS-

SCF calculations were carried out with either the Gaussian 98 or the Gaussian 03 set

of programs, whereas the CASSI and CASPT2 computations were performed with the

MOLCAS 6.0 and Molcas 7.0 program packages.

5.3 Bicycle derivatives of DMABN

The main reasons why in recent years the TICT model has been the most postulated

explanation of the ICT mechanism are, apart from the theoretical results, the exper-

imental observation of only ICT �uorescence in systems with a twisted ground-state

equilibrium geometry (like for example, in 3,5-dimethyl-4-(dimethylamino)benzonitrile

[16]) even in nonpolar solvents, and the absence of ICT �uorescence in the emission

spectra of rigidized systems such as 1-methyl-5-cyanoindoline (NMC5) [18], 1-methyl-

6-cyano-1,2,3,4-tetrahydroquinoline (NMC6) [18, 32], and 1-ethyl-5-cyanoindoline (NEC5)

[33], even in strongly polar solvents like acetonitrile or methanol. However, when

the aliphatic ring becomes more �exible, as in the case of 1-methyl-7-cyano-2,3,4,5-

tetrahydro-1H-1-benzazepine (NMC7) [18, 34], fast and e�cient ICT emission is ob-

served both in polar and nonpolar solvents. Furthermore, a recent Density Functional

Theory study performed by Jamorski et al. [35, 36] demonstrates that NMC7 is

already twisted around 60o in its ground-state geometry. These authors, therefore,

suggest that only the twisted ICT model can explain the �uorescence characteristics

of this kind of compounds since the high rigidity of the cycle in NMC5 and NMC6

prevents the TICT structure from forming whereas it forms easily in the more �exible

NMC7. Nevertheless, not long ago Zachariasse et al. again proposed the PICT model

because they observed fast and e�cient ICT emission in 1-ter-butyl-6-cyano-1,2,3,4-

tetrahydroquinoline (NTC6) [37] in all solvents investigated, from nonpolar n-hexane

to polar acetonitrile or methanol. They suggested that the ICT emitting species is

planar in NTC6 because the torsion of the amino group is sterically hindered. They

also suggested that the di�erent luminescence behavior in these systems is attribut-
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5.3. BICYCLE DERIVATIVES OF DMABN 93

able to a di�erent magnitude of the initial energy gap between the two excited states,

DE(S1,S2), in the Frank-Condon region. For NTC6, this energy gap must be small

so it allows vibronic coupling, while for NMC6 and NMC5 the DE must be large.

On the other hand, Köhn and Hättig [38] suggest that NTC6 may still be able to

twist in its ICT state and that data in ref [37] do not necessarily exclude a TICT

mechanism. Although in a previous work of our group a TICT structure was found

to be the ICT emitting species for DMABN, this result can not be generalized for

every system showing dual �uorescence. For this reason we chose a set of systems

with di�erent rigidity to study their excited states and analyze the energetics in rela-

tion with their �uorescence patterns. In particular, we have studied 5-cyanoindoline

(NHC5), 6-cyano-1,2,3,4-tetrahydroquinoline (NHC6), NMC6, NTC6, 7-cyano-2,3,4,5-

tetrahydro-1H-1-benzazepine (NHC7), and NMC7 (see �gure 5.7).

Figure 5.7: Structures of the systems of the series studied

For the sake of comparison, the results previously obtained for the more �exible

ABN and DMABN systems are also included. We will show that the topology of the

potential energy surfaces in NXC6 and NXC7 do not change in comparison with their

more �exible counterparts ABN and DMABN, since NXC6 and NXC7 are able to

twist. Actually, the energy gap between the two initial excited states, DE(S1,S2), and

the energetics of the LE and ICT minima are the key to explain why the luminescence

behaviour is di�erent in the systems studied.
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94 5. CHARGE TRANSFER REACTION

5.3.1 Excitation energies in the Franck-Condon region

Table 5.1 shows the computed excitation energies of NHC5, NXC6, and NXC7 in the

gas phase, together with the dipole moments and the oscillator strengths of the lowest

excited states determined by CASSCF and CASPT2 calculations.

Table 5.1: Excitation energies (kcal·mol−1), dipole moments (m, in Debyes),
and oscillator strengths (f) obtained at the Franck-Condon region in the gas
phase for the di�erent systems studied

molecule state DESCF DEPT2 exp a DE (S1,S2)PT2 m f
ABN LE 111.0 101.9 >92b 5.3 0.068

CT 152 118.1 >109b 11.8 0.478
DMABN LE 111.0 99.1 92-102c 16.2 6.0 0.006

CT 140.7 106.3 99-106c 13.8 0.608
NHC5 LE 110.5 99.1 7.2 5.3 0.063

CT 146.1 110.4 14.5 0.399
NHC6 LE 109.9 98.4 11.3 5.7 0.006

CT 144.6 109.7 12.8 0.500
NMC6 LE 109.9 97.2 6.7 5.9 0.006

CT 139.3 103.9 99.5d 13.5 0.556
NTC6 LE 109.4 95.3 -0.7 6.1 0.005

CT 137.9 94.6 95.7d 14.0 0.508
NHC7 LE 111.8 102.3 10.4 5.2 0.000

CT 145.9 112.7 11.8 0.398
NMC7 LE 111.2 101.7 0.3 5.2 0.000

CT 147.3 102.0 96.4e 13.8 0.388
a Experimental values of absorption energies are included for comparison
bAbsorption energy in n-heptane [16]
cAbsorption energy in the gas phase [39]
dAbsorption energy in n-hexane [37]
eAbsorption energy in n-hexane [18]

The corresponding excitation energies of ABN and DMABN are also included for

comparison. These energies were calculated as the vertical di�erence between the

excited state and the ground-state energies, at the ground state optimized geometry

that will be discussed in the next section. No qualitative or quantitative di�erences

are observed between these systems at the CASSCF level. The �rst excited state

is the LE (Lb-like) one in all cases with very similar dipole moments of around 5-6

D. The oscillator strengths for this excitation are very small, indicating its weakly

allowed character. The CT (La-like) state is the second excited state, characterized

by a high dipole moment of around 12-14 D and a strong oscillator strength, which

indicate that it should be considered as the initially promoted state. This state will
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5.3. BICYCLE DERIVATIVES OF DMABN 95

carry most of the energy after absorption because of the allowed character of the trans-

ition. Although the CASSCF results agree qualitatively with the experimental data

in nonpolar solvents [18, 37], the energies are highly overestimated, particularly for

the CT state, where the disagreement is larger than 30 kcal·mol−1. To obtain more

accurate results, we recalculated the energies with the CASPT2 method to include

the dynamic correlation. As can be seen from the results shown in Table 5.1, the

dynamic electron correlation has a di�erent quantitative e�ect on the LE and CT

states. For both states the CASPT2 excitation energies are smaller than the CAS-

SCF ones, but the LE state undergoes a smaller stabilization of around 10 kcal·mol−1,

whereas the CT state is stabilized by around 30 kcal·mol−1. These CASPT2 results

are now in reasonable agreement with the available experimental data. It seems that

dynamic electron correlation e�ects are of critical importance for obtaining quantit-

atively accurate results, especially in the computation of the excitation energies. A

direct consequence of this discriminatory e�ect of the dynamic electron correlation is

that the energy gap between the two excited states decreases. The variation of the

CASPT2 energy di�erence between the LE and CT states throughout the series of

compound studied is depicted in Figure 5.8. The energy di�erence is smaller when

the alkyl chain is larger (for example, DE(S1,S2) in ABN is more than twice the gap

in DMABN), as the charge transfer state is stabilized in molecules with long, more

polarizable chains attached to the nitrogen atom of the amino group. This e�ect is

surprisingly strong for NTC6 and NMC7, where the CT state is degenerate with the

LE. It should be pointed out that these are the only systems in the series that present

anomalous �uorescence even in nonpolar solvents. Zachariasse suggested that the ef-

�ciency of the ICT reaction in n-hexane was much greater for NTC6 and NMC7 than

for DMABN because of the decrease in the energy gap.[37] Our results seem to con�rm

this. The fact that the energy of the CT state is almost degenerate with that of the LE

state in the Franck-Condon region in NTC6 and NMC7 could be explained by (a) the

geometry of the ground state in these systems and (b) the e�ect of the substituents in

the amino group. As we will discuss in the next section, the ground state in NTC6 and

NMC7 displays a pretwisted geometry that favours the CT over the LE state because

it is strongly stabilized by the twisting mode. Additionally, replacement of methyl by

tert-butyl (NMC6/NTC6) or of hydrogen by methyl (NHC7/ NMC7) enhances ICT

e�ciency because the charge generated by the electron transfer is delocalized by the

interaction between the amino nitrogen lone pair orbital and the molecular orbitals of

the alkyl substituents. This assumption was also made by Serrano-Andrés et al. [8] in

an extensive theoretical study on DMABN, where the main component of the reaction

pathway was assumed to involve an amino group twist.
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96 5. CHARGE TRANSFER REACTION

Figure 5.8: (a) Excitation energies of the LE and ICT states at the Franck-
Condon region for the compounds of the series studied. (b) Energies of the
LE, PICT, and TICT minima for the di�erent systems studied relative to their
corresponding ground-state minima.

5.3.2 Critical points

We discuss now the geometry of the various critical points located on di�erent PES

and describing their wave functions in terms of VB language. Actually, the structural

and electronic descriptions of the various minima are at the heart of the ICT con-

troversy. First, we located (at the CASSCF level) the various minima on the S0, S1,

and S2 PES of NHC5, NXC6, and NXC7 that correspond to the ground-state, LE,

TICT, and PICT stable species. As in ABN and DMABN [9], we found a planar ICT

stable species lying on the S2 potential-energy surface but could not locate a S1-PICT

minimum. Twisted ICT minima were located on the S1 surface of every compound

of the series studied except for NHC5, which cannot adopt this structure because of

its greater rigidity. The S1-RICT minima, too high in energy in ABN and DMABN

to be mechanistically interesting, were not looked for. The geometries of the minima

located are shown in Figure 5.9 together with the VB structures derived from the

analysis of the corresponding wave function. This VB structure derive from the values

of the second-order exchange density matrices and the one electron matrices which are

shown in Figure 5.10.

These results show that the electronic structure of the ground state minimum (S0-

GS) corresponds to an in-phase combination of the two Kekulé structures. It is clear

that this covalent nature is retained in the S1-LE state, with similar dipole moments

but with an anti-Kekulé benzene moiety. The S2-PICT and S1-TICT minima have

similar zwitterionic characters with a partial or net positive charge on the nitrogen
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5.3. BICYCLE DERIVATIVES OF DMABN 97

atom of the amino group and a resonant quinoidal phenyl anion, giving rise to large

dipole moments. The values of this property obtained here are systematically lower

than the experimental data because the latter were measured in polar solvents while

the former were calculated in the gas phase (see table 5.3 further down). The major

di�erence between S2-PICT and S1-TICT is the magnitude of the charge transfer

(fraction of electron transfered), which, as expected, is slightly greater in TICT (see

Figure 5.10). The values of the second order exchange density matrixes collected in

�gure 5.10 show that the coupling between the nitrogen lone pair and the phenyl ring

is larger in the ICT structures, PICT and TICT, than in the more covalent ones, GS

and LE.

Let us now discuss the relaxed geometries shown in �gure 5.9. We will pay special

attention to the wagging angle j (angle between the plane of the amino group and the

phenyl ring) and the twist angle. The values of these parameters for the optimized

minima are collected in table 5.2.

Table 5.2: Selected geometrical parameters of the optimized structures: wag-
ging angle (j) and twist angle (f)

ABN DMABN NHC5 NHC6 NMC6 NTC6 NHC7 NMC7
Structure j f j f j f j f j f j f j f j f
S0-GS 43 0 26 0 33 0 24 0 19 0 0 33 0 38 0 46
S1-LE 40 0 21 0 31 0 20 0 19 0 0 35 0 36 0 44

S1-TICT 0 90 0 90 - - 0 62 0 65 0 69 0 82 0 85

The ground-state geometries of ABN and DMABN are untwisted with a pyramidal

amino group with wagging angles of 43o and 26o, respectively. This geometric feature

is retained in NHC5, NHC6, and NMC6 (see Table 5.2). However, NTC6, NHC7, and

NMC7 possess somewhat twisted ground state equilibrium geometries with twist angles

of 33o, 38o, and 46o, respectively, and a practically nonpyramidal amino group (near sp2

hybridization). This �nding can be explained by the strong steric hindrance between

the tert-butyl group, in NTC6, and the o-hydrogen in the phenyl ring. In NXC7, the

conformation of the aliphatic ring imposes a pretwisted ground-state geometry rather

than a planar one.

The optimized geometries for the S1-LE minima closely resemble those of the

ground state. Similar wagging and twist angles are found in the corresponding geo-

metries (Table 5.2). The main di�erence is that the phenyl CC bonds in the excited

state are expanded, as expected from the out-of-phase combination of two Kekulé

structures.
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98 5. CHARGE TRANSFER REACTION

One of the main arguments against the TICT model, in which the amino group

is perpendicular to the benzene ring, is the general agreement that it can only be

adopted by very �exible 4-aminobenzonitriles, like ABN and DMABN. Actually, in

the �ve-membered ring compound NHC5 no TICT structure was located because of

the restricted �exibility of the amino group, which was structurally �xed to be nearly

coplanar to the ring. However, in the NXC6 systems the alkyl chain is long enough

to allow a partial rotation of the amino group. Thus, we located twisted ICT minima

in NHC6, NMC6, and NTC6 at 62o, 65o, and 69o, respectively. The more �exible the

aliphatic ring is, the larger the twist angle, which reaches values of 82o and 85o in

the TICT structures of NHC7 and NMC7, respectively. Our calculations show that,

as in ABN and DMABN, these TICT species are slightly bent with the nitrogen of

the amino group and the carbon of the phenyl ring taking the group out of the ring

plane and in an anti position. As in ABN and DMABN, the phenyl ring of all the

S1-TICT and S2-PICT structures exhibits a quinoidal geometry: the two CC central

bonds of the benzene ring are much shorter than the other four CC bonds. However, in

the S1-TICT structures, the N-Cphenyl bond length is larger than in the ground-state

one (almost single bond length) whereas in S2-PICT the N-Cphenyl bond is shorter

(practically double bond length).
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Figure 5.9: Geometries of the ground-state, LE, PICT, and TICT minima
and VB structures of the di�erent systems studied
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100 5. CHARGE TRANSFER REACTION

Figure 5.10: Values of the second-order exchange density matrix (in italic
blue) and the one-electron density matrix (in black) of the ground state, LE,
TICT, and PICT minima of the di�erent systems studied.
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5.3.3 Mechanistic overview

The luminescent characteristics of the p-electron donor-acceptor systems studied here

will be determined by the relative energies and the connection between the poten-

tial energy surfaces of the low-lying excited states LE and ICT. As we will use the

CASPT2 energies obtained for the NHC5, NXC6, and NXC7 systems in this study,

CASPT2 calculations for DMABN (not included in reference [9]) have also been run

for comparative purposes. The CASSCF/CASPT2 relative energies and the dipole

moments of the structures located are shown in table 5.3. The LE minima of all the

molecules of the series studied (including ABN and DMABN) lie on the S1 surface

(S1-LE). For the ICT, the planar minimum was found to be always on the S2 surface

(S2-PICT) while the twisted one was always located on the S1 surface (S1-TICT). It

is worth noting that although at the CASPT2 level some of the PICT species are

more stable than the TICT ones, the emission will never take place from the second

excited-state potential-energy surface, so the PICT species cannot emit. Two elements

force the geometry of the ICT species and determine their relative energies. First, let

us consider the restricted �exibility of the aliphatic ring. The shorter the alkyl chain

is, the more di�cult it is for a stable TICT structure to form, to such an extent that

this structure has not been located for NHC5. The population of the LE and PICT

minima, therefore, is favoured for compounds with short alkyl chains. Second, we must

take into account the steric hindrance between the substituents of the amino group

and the o-hydrogen in the phenyl ring. This hindrance enforces pretwisted geometries

for the ground-state and LE species, destabilizing them relative to the TICT species.

In fact, in those systems with a pretwisted ground-state structure (NTC6, NHC7, and

NTC7) the high energy of the PICT species (that is, higher than the energy of the

TICT structure) indicates that the planar geometry is very unfavourable. On the

other hand, in systems with a planar ground state (i.e., ABN, NHC6, and NMC6) the

PICT structure is more stable than the TICT structure, although the former lies on

the S2 potential-energy surface and the latter on the S1 one. These results can be seen

in Figure 5.8, which shows a diagram of the CASPT2 energies of the LE, PICT, and

TICT structures for each system.

Because the CT state is S2 in the Franck-Condon region but S1 in the TICT struc-

ture at the CASSCF level, the �rst part of the reaction path after light absorption

must be nonadiabatic. That is, at this level of theory the S1 and S2 surfaces must

cross. We have located the lowest energy point on the S1/S2 conical intersection in

these systems. Their energies are collected in Table 5.3. Because the geometry optim-

ization of these critical points is carried out at the CASSCF level, when the energies

are recalculated at the CASPT2 level it is found that the S1 and S2 states are no
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102 5. CHARGE TRANSFER REACTION

longer degenerate. Unfortunately, although Molcas package allow to recalculate these

geometries at CASPT2 level, it is computationally too expensive to do it as a routinary

procedure. Given that for the purpose of this study it is not necessary a quantitative

determination of the minimum energy point (MEPt) of the S2/S1 CI, we have ana-

lyze these points at the CASSCF level. Figure 5.11 shows the MEPt of the S2/S1 CI

together with the two degeneracy-lifting coordinates that de�ne the branching space

(the derivative coupling vector and the gradient di�erence vector) in all systems stud-

ied. The characteristics of the conical intersections found for NHC5, NHC6, NMC6,

NTC6, NHC7, and NMC7 are the same as those reported for ABN and DMABN [9]:

there is an extended seam that runs parallel to the CN(Me)2 torsion coordinate. The

branching space does not involve either the amino group twist or the pyramidaliza-

tion coordinates; rather, it is dominated by skeletal deformations of the phenyl ring

coupled with C-N stretch, so the S1/S2 degeneracy is preserved along the amino group

torsion. Thus, S2 → S1 internal conversion can take place at the full range of torsion

angles depending on the vibrational energy in torsional coordinates following photoex-

citation, but the highest probability corresponds to the minimum energy point of the

seam. This structure has di�erent twist and pyramidalization angles for the di�erent

alicyclic derivatives of the series, as will be discussed below. The deexcitation will be

followed by an adiabatic equilibration between the LE- and ICT-emitting species on

the S1 potential energy surface. The energy of the TS of this adiabatic path will be

similar to that of the S1/S2 CI, as the TS is generated in the neighbourhood of the CI

due to the associated avoided crossing. For all systems the initial excitation energy

is larger than the energy of the minimum of the CI seam, which means that the TS

of the LE-ICT interconversion is always accessible. The luminescence behaviour will

also depend on the relative energy of the LE- and ICT-emitting species. As Figure

5.8 shows, the TICT structure is thermodynamically favoured over the LE structures

only for NTC6 and NMC7, which are the only structures capable of producing the

anomalous �uorescence band in nonpolar solvents.

Our computational results show that the overall topology of the potential-energy

surfaces of the LE and ICT states in these 4-aminobenzonitrile alicyclic derivatives do

not change substantially in comparison with the ones of the more �exible ABN and

DMABN. Thus, the S1 LE-TICT equilibration and dual �uorescence will be controlled

in this series of compounds by (a) the position along the amino group twist coordin-

ate where the S2/S1 CT-LE internal conversion takes place and (b) the S1 adiabatic

reaction path between the LE and TICT minima. Taking this into account we can

distinguish several types of systems. For ABN, NHC5, NHC6, NMC6, and NHC7, the

amino group is untwisted at the lowest point of the S2/S1 conical intersection seam,

so the branching at the CI favors population of the LE state. Moreover, the S1-LE
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5.3. BICYCLE DERIVATIVES OF DMABN 103

species are much more stable than the S1-TICT ones (see Figure 5.8 and Table 5.3),

so the equilibrium will favour the LE species. This explains why, in these molecules,

ICT emission cannot be observed in the �uorescence spectra. Note that in NHC5 the

S2/S1 conical intersection will lead directly to the S1-LE structure since this system

cannot adopt any other stable structure on the S1 potential-energy surface.

On the other hand, the lowest energy point of the S1/S2 conical intersection located

at the CASSCF level for NTC6 and NMC7 shows the amino group slightly twisted

(21.2o and 31.9o, respectively), so branching at the CI favours formation of the TICT

state. Nevertheless, in these cases, the energy gap between the two excited states in

the Franck-Condon region is small enough to allow vibronic coupling between the CT

and LE states, so both minima would be populated simultaneously. The adiabatic S1
reaction path connecting them will displace the equilibrium toward the TICT minimum

because it is less energetic. Consequently, observation of dual �uorescence emission in

nonpolar solvents is in very good agreement with our results. It is worth pointing out

that the LE and CT states are degenerate in the Franck-Condon region only for NTC6

and NMC7. This, together with the fact that the stability of the TICT species is

greater than that of the LE species, is the key to explaining the ICT emission of these

molecules in nonpolar solvents. These characteristics are clearly re�ected in Figure

5.8.

A polar solvent will stabilize the ICT state even further, so in this case the initial

excitation will populate the CT state that will correspond to the �rst excited state. The

system will relax over the S1 surface directly to the S1 minimum, the TICT emitting

species, without undergoing any internal conversion. This direct mechanism explains

why the ICT reaction is much more e�cient in these systems than in DMABN in

polar solvents. The DMABN is a halfway case. The geometry of the minimum energy

point of the S1/S2 conical intersection minimum is a pyramidal untwisted structure,

but the LE and TICT minima are almost degenerate in the gas phase. This is in good

agreement with its luminescent behaviour, which presents only the LE normal band

in nonpolar solvents and dual �uorescence in polar ones, where the TICT minimum

will be stabilized further than the LE one.
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104 5. CHARGE TRANSFER REACTION

Figure 5.11: S1/S2 conical intersection geometries and branching space co-
ordinates of the di�erent systems studied.
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5.3. BICYCLE DERIVATIVES OF DMABN 105

Table 5.3: CASSCF and CASPT2 relative energies (kcal·mol−1) and dipole
moments (m, in Debyes) of the critical points (minima on the S1 and S2 PES
and CI's) of the systems studied in the gas phase.

Molecule Structure DE CASSCF DE CASPT2 m mexp
ABN S0-GS -109.4 -95.6 5.5 6.6b

S1-LE 0.0 0.0 5.4 8b

S1-TICT 25.2 15.7 11.7
S2-PICT 35.0 14.5 12.1
S1/S2-CI 26.9 [8.1,21.2]a 6.1

DMABN S0-GS -106.6 -91.5 6.1 6.6b

S1-LE 0.0 0.0 6.1 9.9b

S1-TICT 2.4 0.4 13.5 17b

S2-PICT 28.5 7.1 13.8
S1/S2-CI 23.8 [6.1,18.3]a 7.1

NHC5 S0-GS -105.6 -92.3 5.6
S1-LE 0.0 0.0 5.5
S1-TICT - - -
S2-PICT 30.8 10.2 12.7
S1/S2-CI 29.9 [11.8,22.3]a 7.2

NHC6 S0-GS -105.3 -90.7 5.9
S1-LE 0.0 0.0 5.9
S1-TICT 23.4 17.4 11.3
S2-PICT 35.3 10.4 12.9
S1/S2-CI 28.0 [10.9,22.8]a 7.6

NMC6 S0-GS -105.4 -89.12 6.1 6.8c

S1-LE 0.0 0.0 6.0 10.6c

S1-TICT 14.0 10.6 12.1
S2-PICT 32.6 6.6 13.4
S1/S2-CI 25.9 [9.8,16.2]a 7.6

NTC6 S0-GS -104.9 -86.1 6.1 6.8c

S1-LE 0.0 0.0 6.0
S1-TICT 5.9 -3.8 13.0 17.6c

S2-PICT 33.1 5.9 13.8
S1/S2-CI 23.3 [3.9,15.2]a 8.7

NHC7 S0-GS -107.0 -97.4 5.3
S1-LE 0.0 0.0 5.1
S1-TICT 12.3 4.7 12.9
S2-PICT 36.8 8.1 12.4
S1/S2-CI 22.9 [1.9,13.3]a 7.0

NMC7 S0-GS -106.4 -96.9 5.4
S1-LE 0.0 0.0 5.3
S1-TICT 3.0 -1.6 13.6 17d

S2-PICT 38.2 6.7 12.5
S1/S2-CI 22.9 [3.6,5.3]a 7.4

aCASPT2 energies corresponding to the S1 and S2 states.
b [15] c [37] d [18]
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5.3.4 Conclusion

According to our results, two factors rationalize the photophysical di�erences between

the systems studied. First, the position of the TICT and LE potential-energy surfaces

in the �rst stages of the ICT reaction must be considered. If the CT state is higher

in energy than the LE in the Franck-Condon region and the lowest energy point on

the CI is located at a planar geometry, the LE minimum will be populated �rst. On

the other hand, if the CI lowest energy point has a twisted geometry or the CT state

is lower in energy than the LE in the Franck-Condon region, the TICT minimum will

be populated �rst. In the next stage of the reaction the second factor plays its role.

The relative energies of the LE and TICT minima will determine the displacement

of the equilibrium between the two species along the adiabatic path that connects

them over the S1 surface. The minimum that is not reached in the �rst stages of the

reaction can now be populated if it is more stable than the other one. This factor is

strongly sensitive to the presence of polar solvents that will preferentially stabilize the

CT state. Thus, our conclusions agree partially with Zachariasse's generalization that

relates the e�ciency of the ICT process to the energy gap between the S1 and S2 states

in the Franck- Condon region.[37] On the other hand, and in contrast to Zachariasse's

hypothesis, our results suggest that the ICT species responsible for the anomalous

�uorescence band in the NTC6 and NMC7 spectra must have a twisted structure. We

present computational evidence that a twisted ICT structure can very well be adopted

by these bicyclic but still slightly �exible molecules. A full perpendicular twist of the

amino group is not necessary to get a stable ICT structure on the S1 surface when

the alkyl chain is long enough. Therefore, the experimental results in ref [37] do not

necessarily exclude a TICT �uorescence emission. Nevertheless, it is possible that in

other systems structural or environmental changes (in the donor or acceptor moieties

with the addition of further substituents and/or the inclusion of solvent e�ects) could

modify the relative energies of the key structures or their location. This, in turn,

can modify the outcome of the CT reaction and change the �uorescence behaviour in

di�erent compounds. In particular, the PICT structure can stabilize to such an extent

that it becomes a �rst excited-state structure. In this case, it could be a radiative

species of the anomalous �uorescence band in competition with the TICT species.

This qualitative modi�cation of the interplay between the LE and ICT surfaces would

explain why there is so much contradictory evidence in favour of the TICT and PICT

models. As a result, it is not advisable to propose a general mechanism for the CT

reaction, and each particular case must be studied in detail.

UNIVERSITAT ROVIRA I VIRGILI 
AB-INITIO INSIGHT INTO THE ORGANIC PHOTOCHEMICAL DIVERSITY: NON-RADIATIVE DECAY IN URACIL AND DERIVATIVES 
AND INTRAMOLECULAR CHARGE TRANSFER MECHANISMS IN THE BENZONITRILE FAMILY 
Yannick Mercier 
DL:T. 1371-2011  
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5.4 DTABN

In the previous section, we studied some bicyle derivatives of DMABN in order to

check how the rigidity in�uence the LE/ICT equilibrium and the structure of the

emitting specie. With the same idea, in this section we study DMABN derivatives,

but in this case, with bulky substituents on the amino group that modify the structure

of the molecules by means of steric e�ects that enhance the twist of the amino group

relative to the benzene ring. In particular, we will study three isomers of the (di-

tert-butylamino)benzonitrile : 4-(di-tert-butylamino)benzonitrile (p-DTABN), 3-(di-

tert-butylamino)benzonitrile (m-DTABN) and 2-(di-tert-butylamino)benzonitrile (o-

DTABN). This study will also allow us to analyze the in�uence of the position of the

substituent on the luminescent patterns. Another goal of this work, on a di�erent line

of interest, was the analysis of the applicability of ONIOM methodology to this kind of

problems. The size of the system studied here is at the limit of the applicability of the

CASSCF/CASPT2 methodology (given the size of the molecule and, more crucially,

the size of the active space used in these calculations). This situation makes convenient

the use of less expensive methods, ONIOM in this case, but still allows us the use of

the more reliable CASSCF/CASPT2 method to check the accuracy of the lower level

calculations in some test points.

To our knowledge, there is up to now only one experimental work published on these

molecules,[40] where Zachariasse et al studied the photochemistry of p-DTABN and

m-DTABN. Both molecules show a similar absorption spectra in n-hexane and MeCN,

with a structured benzonitrile-like absorption band between 35000 and 40000 cm−1

and a weaker unstructured band at lower energies. Absorption is in both cases around

25 times weaker than that of p-DMABN. In the �uorescence spectra, p-DTABN as well

as m-DTABN show a broad emission band. For p-DTABN the maximum of this band

is located at 25630 cm−1 in n-hexane and at 20900 cm−1 in MeCN, while for m-DTABN

it appears at 26290 cm−1 in n-hexane and at 21280 cm−1 in MeCN. It is interesting to

note that the red-shift is the same in both isomers. The �uorescence originates in the

ICT with a minor or null contribution from the LE state. The �uorescence quantum

yields are low, increasing as the polarity increases from 0.0053 to 0.039 in the case of

p-DTABN and from 0.013 to 0.027 for m-DTABN. This is the �rst case reported of a

meta-ABN derivative that shows anomalous �uorescence. This work also reports the

ground state geometry of the meta isomer determined by X-ray crystal analysis. In

particular, they report a value for the twist angle of 86.5o. They also predict a value of

75-79o for he twist angle of the para isomer, based on the correlation established with

other systems between the extinction coe�cient of the maximum of the lowest-energy

absorption band and the amino twist angle determined from X-ray crystal analysis.
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These molecules show, then a twisted geometry even at the ground state.

5.4.1 Peculiarities of the computational method used in this

study

DTABN has 39 atoms and the active space needed in these calculations is, like in

the case of DMABN, of 12 electrons in 11 orbitals. The computational cost of the

calculations for systems of this size makes advisable the use of a cheaper method at

least for the most expensive calculations of the study. Given the nature of the system

to study, we considered that the ONIOM method (explained in Chapter 3) could be

a convenient choice. This method is one of the hybrid methods that mixes ab-initio

(QM) and Molecular Mechanic (MM) methods and are especially designed for large

systems for which a complete ab-initio treatment would be cost-prohibitive. In our

case, the CASSCF method was used for the ab-initio calculation of the benzene ring

with the amino group and cyano group, but both tert-butyl substituents were replaced

by methyl groups. The low-level method used was the UFF force �eld. In this way, the

sterical interaction of the tert-butyl substituents is taken into account, but not their

electronic in�uence in the moiety where the excitations are located. The active space

used was the same than that used for DMABN, that is an active space of 12 electrons

in 11 orbitals, including orbitals of the benzene ring, both p orbitals of the cyano

group and the doubly occupied orbital of the amino's nitrogen. Once the geometries

were optimised with the ONIOM method, the energies were recalculated using the

CASSCF/CASPT2 method for the whole system. In order to check the accuracy of

this choice, we also optimized some structures with a full CASSCF method as will be

commented later. The basis set used was the 6-31G(d) in all calculations. Gaussian03

and Molcas7.0 were the two packages used in this study.

5.4.2 Ground State geometries and absorption spectra

We �rst optimized the ground state geometry for the three isomers in the gas phase

with the ONIOM method. The geometries of the minima on the ground state PES

located in this work are shown in �gures 5.13, 5.14 and 5.12. All three of them show

a strongly twisted di(ter-butyl)amino group with angles of 89.5o, 88.2o and 90.6o re-

spectively for the para-, meta- and ortho-isomers. We only can compare the theoretical

structural parameters obtained with experimental X-ray data of the meta-isomer, the

only one for which this information is provided. [40] The theoretical twist angle is in

good agreement with the experimental value of 86,5o found for the meta-isomer. On
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the other hand, the agreement is not so good for the value predicted in reference [40]

for the twist angle of the para-isomer, of 75-79o, to be compared with our result of

89.5o.

The amino N is also pyramidalized in the geometries determined theoretically, with

angles of 17.1o (para-), 20.1o (meta-) and 16.6o (ortho-), values to be compared with

the experimental data for the meta-isomer of 32.4o. For this geometrical parameter,

the agreement is not very good. Comparison of the experimental and computational

bond distances for the meta-isomer (see �gure 5.13) shows a good agreement with

deviations in general smaller than 0.01 Angstrom. The dipole moments of the ground

states are 3.9 Debye for p-DTABN and 4.6 Debye for both m-DTABN and o-DTABN.

Figure 5.12: para-DTABN geometries (distances in Angstrom) and VB struc-
tures obtained at the ONIOM (CASSCF(12,11)/UFF) level.

In order to check the accuracy of the ONIOM method, we also optimized the

ground state geometry of the meta-isomer at the CASSCF level to be compared also

with experimental results. The di�erences between structures optimised using ONIOM

and CASSCF are very small. The largest di�erence is found for the C-N bond distance

between the benzene ring and the amino group, but even in this case the di�erence is

small: 1.431 Å obtained with the CASSCF method, to be compared with the value

UNIVERSITAT ROVIRA I VIRGILI 
AB-INITIO INSIGHT INTO THE ORGANIC PHOTOCHEMICAL DIVERSITY: NON-RADIATIVE DECAY IN URACIL AND DERIVATIVES 
AND INTRAMOLECULAR CHARGE TRANSFER MECHANISMS IN THE BENZONITRILE FAMILY 
Yannick Mercier 
DL:T. 1371-2011  



110 5. CHARGE TRANSFER REACTION

of 1.444 Å obtained with the ONIOM method. The experimental value, 1.437 Å, is

intermediate between the theoretical ones. These results validate the use of ONIOM

method.

Figure 5.13: meta-DTABN geometries (distances in Angstrom, X-Ray ex-
perimental values in red) and VB structures obtained at the ONIOM (CAS-
SCF(12,11)/UFF) level.

From the optimized ground state geometries, we calculated the excitation energies

to the �rst eight singlet excited states. The character of the excited states is determined

analyzing the excitations that give place to their electronic con�gurations. Among the

�rst four excited states, the ones involved in the processes of interest, there are two

LE states (originated by p-p* excitations, with both p orbitals located mainly in the

benzene ring) and two excited states of charge transfer character. On these states, an

electron from the lone pair of the amino nitrogen (nN), is promoted to a p* orbital

located on the ring. In the para-isomer, thanks to the local symmetry of the ring,

the excited CT states can be classi�ed into quinoid (CT-Q) or antiquinoid (CT-AQ)

following the Valence-Bond terminology, depending on the location of the nodes of the

p* orbital. We will keep this classi�cation also for the ortho and meta isomers (relative

to the cyano group), although it could not be applied strictly in these cases.

The relative energies and oscillator strengths of the �rst excited states of the three

isomers calculated at the CASSCF/CASPT2 level are shown in Table 5.4. For all three
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Figure 5.14: ortho-DTABN geometries (distances in Angstrom) and VB
structures obtained at the ONIOM (CASSCF(12,11)/UFF) level.

isomers both CT states, CT-Q and CT-AQ, are the excited states of lower energy,

followed by two states of LE character. The state with the largest oscillator strength

is the fourth excited state, the second LE state, located 140-149 kcal·mol−1 above the

GS. These results contrast with the ones obtained previously by our group for the

DMABN: in that case the lowest excited state had LE character and a low oscillator

strength (0.006) while the second excited state had CT character and a high transition

probability (f=0.608), with an excitation energy of 106.3 kcal·mol−1 (obtained at the

CASPT2(12,11)/6-31g(d) level).

With these data, the absorption spectra computationally predicted for the DTABN

isomers are in good agreement with the experimental �ndings reported in reference

[40] and with the di�erences found between the DMABN and DTABN spectra. In

reference [40], very weak absorption is reported for the para- and meta-DTABN in the

range of the 27000-40000 cm−1, with extinction coe�cients 25 times lower than those

of DMABN that has the maximum of the absorption band at around 35500 cm−1.

Our calculations predict that for all DTABN isomers absorption will hardly take place

in the range studied experimentally, given that the main absorption band is located

at higher energies, around 50000 cm−1. For the DMABN, though, our calculations

locate the main absorption band within the range studied, near the one observed
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112 5. CHARGE TRANSFER REACTION

experimentally, at 37000 cm−1. The di�erences between the absorption spectra of

the para- and meta-DTABN isomers observed experimentally are also re�ected in the

computational results: there is a blue-shift of the CT absorption-band and a small

red-shift of the LE band in the m-DTABN spectrum relative to that of DTABN [40].

Table 5.4: Excitation energies (in kcal·mol−1) obtained at CASPT2 level
(CASSCF values in parenthesis) and oscillator strengths (f).

p-DTABN m-DTABN o-DTABN
root DE CASPT2 f DE CASPT2 f DE CASPT2 f

r2 CT-Q 91.7 (142.9) 0.001 94.6 (147.3) 0.002 89.1 (140.2) 0.001
r3 CT-AQ 107.9 (163.5) 0.001 101.5 (156.2) 0.001 102.1 (156.0) 0.001
r4 LE 112.1 (109.7) 0.001 111.7 (109.3) 0.003 111.4 (109.1) 0.003
r5 LE2 149.1 (176.8) 0.277 149.9 (178.8) 0.226 140.3 (177.4) 0.250
r6 160.2 (171.6) 0.063 165.3 (174.0) 0.032 173.9 (175.2) 0.010
r7 176.2 (195.0) 0.000 176.6 (195.4) 0.000 173.6 (192.3) 0.000
r8 184.2 (184,8) 0.029 183.3 (183.1) 0.025 184.0 (183.1) 0.017

5.4.3 Excited state minima and emissions

Optimised geometries for the lowest excited states of the para-, meta- and ortho-

isomers obtained using the ONIOM method are shown in �gures 5.12, 5.13 and 5.14.

Valence Bond (VB) structures were determined using the results of the computation

of the second-order exchange density matrix Pij and the diagonal elements of the

electronic density matrix shown in �gure 5.15. This information allows us to make

clear the LE or CT character of a state attending to the occupancy of the nN orbital

(doubly occupied in the ground and LE states, singly occupied in the CT states) and

the Q or AQ character attending to the Pij values of the bonds of the benzene ring.

Structures corresponding to the lowest energy LE, CT-Q and CT-AQ have been

located. All of them show strongly twisted geometries. LE minima show anti-kékulé

benzene moieties (in contrast with the in-phase combination of the two Kekulé struc-

tures of the ground state) and consequently an elongation of the C-C bonds of the

ring. CT minima show changes relative to the ground state geometry, modifying the

ring C-C distances according to their Q or AQ character (the two central C-C bonds

are shorter/larger than the other four for the Q/AQ species). Both CT states have an

elongated N-phenyl bond, due to the charge transfer from the nitrogen to the benzene

ring and the subsequent weakening of the bond. The geometries of DTABN isomers

are very close to those of DMABN, except for the twist angle, that is much larger in
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5.4. DTABN 113

Table 5.5: Energies (in kcal·mol−1) of the optimized structures of the low-
energy states of the p-, m- and o-isomers of DMABN. The state optimized is
in bold, vertical energies to the ground state in parenthesis and experimental
absorption and emission energies in parenthesis and italics.

p-DTABN m-DTABN o-DTABN
E CASPT2 m E CASPT2 m E CASPT2 m

GS 0.0 3.9 0.0 4.6 0.0 4.6
CT-Q 95.4 (88.8) 15.4 99.0 (97.6) 13.7 93.6 9.1
CT-AQ 111.4 14.9 105.8 13.6 106.4 9.0
LE 112.1 (102.6) 3.7 111.6 (101.7) 4.5 111.3 4.6
GS 4.1 4.0 4.1 4.6 4.3 4.6

CT-Q 94.7 15.5 98.6 13.7 92.5 9.1
CT-AQ 111.2 14.9 105.2 13.4 106.0 9.0
LE 107.6 (103.5) 3.6 107.0 (102.9) 4.5 106.4 (102.1) 4.6
GS 13.2 3.7 7.9 4 8.9 4.2

CT-Q 88.3 (75.1) (73.3) 13.7 91.1 (83.2) (75.2) 14 86.1 (77.2) 9
CT-AQ 118.8 14.5 109.9 13 111.3 8.7
LE 119.6 4.6 116.0 3.8 115.9 4.3
GS 9.8 3.7 5.5 3.9 9.6 4.3

CT-Q 101.7 15.6 97.4 14.1 98.7 8.7
CT-AQ 103.2 (93.4) 15.0 100.6 (95.1) 12.8 100.9 (91.3) 8.6

LE 119.0 3.4 113.6 3.8 117.5 4.3

DTABN due to the steric repulsion of the di-tert-butyl group that precludes the exist-

ence of planar low-energy minima. The electronic structures are as well very similar to

the ones found previously for DMABN. Dipole moments of the CT-Q species are 15.4

D for p-DTABN and 13.7 D for m-DTABN, which are lower than the experimental

values, 17.1 ± 0.4 and 17.0 ± 0.7 D respectively. The o-DTABN CT species show a

dipole moment much lower that the other two, 9 D, due to the ortho-position of the

cyano group. The CT-AQ species show similar trends (15.0 D, 12.8D and 8.6D for the

p-, m- and o-isomers) while the predicted values for the LE species are as expected

much lower (3.6, 4.5 and 4.6 D respectively).

A schematic representation of the energetics of the excited state minima for all

the isomers is shown in �gure 5.16. The CT-Q state is the lowest excited state for all

the geometries localized here and its minimum is located as well on the S1 PES for

all isomers. On the other hand, the CT-AQ minimum lies for all isomers on the S2
PES, with energies 0.40-0.65 eV higher than the corresponding CT-Q minimum. LE

minima of the meta- and ortho- isomers lies on the S3 PES while for the para-isomer

it is located on the S2 PES. In all cases LE state is almost degenerate at its minimum

geometry with the CT-AQ state, inverting the relative energies only in the case of the

para-isomer.
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114 5. CHARGE TRANSFER REACTION

Figure 5.15: Electronic structures: values of one-electron density matrix
(in black) and of the second-order exchange density matrix (in blue) of the
optimized structures of the lowest energy states of the p-, m- and o-isomers of
DTABN.

According to Kasha's rule [41], it is expected that emission takes place only from

the �rst excited state, so for DTABN we can only expect �uorescence from the CT-Q

species in all three isomers. Our results are in perfect agreement with the experimental

spectra that show only CT emission bands for both p- and m-DTABN. We predict a
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5.4. DTABN 115

Figure 5.16: Schematic representation of the energetics of the excited state
minima for all three isomers. Relative energies in kcal·mol−1, dipole moments
in D in parenthesis.

similar emission pattern also for the ortho isomer. The vertical energy from the CT-

Q minima to the ground state can be compared with the emission energies measured

experimentally. We found 75.1 kcal·mol−1 vs. 73.3 kcal·mol−1 for the p-isomer and 83.2

kcal·mol−1 vs. 75.2 kcal·mol−1 for the m-isomer. The agreement is quite satisfactory,

taken into account that we compare gas phase theoretical results with measurements

obtained in n-hexane. For o-DTABN, for which no experimental data are available up

to now, our results predict an anomalous emission of 77.2 kcal·mol−1.

To check that the CT-Q state is the lowest energy excited state in the whole range

of geometries involved in the ICT process, we calculated the pro�le of the 4 lowest

UNIVERSITAT ROVIRA I VIRGILI 
AB-INITIO INSIGHT INTO THE ORGANIC PHOTOCHEMICAL DIVERSITY: NON-RADIATIVE DECAY IN URACIL AND DERIVATIVES 
AND INTRAMOLECULAR CHARGE TRANSFER MECHANISMS IN THE BENZONITRILE FAMILY 
Yannick Mercier 
DL:T. 1371-2011  



116 5. CHARGE TRANSFER REACTION

Figure 5.17: CASPT2 energy pro�les of the �rst excited states of p-DTABN
from the FC zone to the LE minimum obtained by a LIIC path. Energies in
eV.

excited states of DTABN along the interpolated paths connecting the F.C. region

with the LE minimum and from the LE minimum to the CT-Q minimum for the para-

isomer. As can be observed in �gures 5.17 and 5.18, the CT-Q state is always the

lowest energy excited state. This characteristic is expected to be also found for both

m- and o-isomers. This result points out clearly that the only species susceptible of

�uorescence (following Kasha's rule) is the CT-Q in all DTABN isomers.

5.4.4 Conclusions

The global topology of the lowest excited states of DTABN isomers is in general similar

to that of DMABN, but at the same time there are some important di�erences in the

interplay between PES that lead to a very di�erent luminescent behaviour. The origin

of the di�erences is the steric hindrance of the amino substituents of DTABN that

impose rotated geometries. This rotation favours the twisted CT state, that becomes

the lowest-energy excited state, in contrast with the DMABN system. For DMABN,

planar geometries are possible where the LE state is the lowest-energy excited state.

Consequently, while in DMABN there are two S1 minima of very di�erent character
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5.5. DMABN-4F 117

Figure 5.18: CASPT2 energy pro�les of the �rst excited states of p-DTABN
from the LE minimum to the CT-Q minimum obtained by a LIIC path. En-
ergies in eV.

that can be populated and can then give place to two di�erent �uorescence bands

(normal and anomalous) depending on the conditions of emission, in DTABN only the

CT-Q minimum is located on S1. This is then the only minimum that can eventually be

populated after the initial excitation and produce the anomalous �uorescence observed

experimentally in polar and non-polar environments.

5.5 DMABN-4F

Recently, Zachariasse et al.[25] investigated the introduction of a �uorine atom in

di�erent positions of the benzene ring in 4-aminobenzonitrile derivatives, and stated

that there is no indication of ICT emission in alkane solvents but the internal conver-

sion (IC) is enhanced by the �uoro substituent. Neither the introduction of two F-

substituents in the phenyl ring of ABN to get 2,5-di�uoro-4-aminobenzonitrile (ABN-

2F), are su�cient to induce an ICT reaction [42]. However, for the tetra�uoroaminoben-

zonitriles, unlike ABN and DMABN, the �uorescence spectra, both in polar and non-

polar solvents, consist only of an ICT emission while the �uorescence band from the

LE state cannot be detected [42, 25, 43].
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118 5. CHARGE TRANSFER REACTION

Figure 5.19: Scheme of DMABN and DMABN-4F

The aim of the study of this section is to understand how the substitution of

the four hydrogen atoms in the benzene ring by �uorine atoms can modify the lu-

minescent behaviour of these compounds. We have studied the 2,3,5,6-tetra�uoro-4-

(dimethylamino)benzonitrile (DMABN-4F) (see �gure 5.19) and compared our results

with those of DMABN. Our computational results show that the global topology of

the potential energy surfaces (PES) of the LE and ICT states do not change substan-

tially in comparison with the DMABN but the CT state is stabilized in such a way

that the di�erent interplay with the LE state induces strong qualitative changes. This

stabilization is evident only when dynamic electron correlation is taken into account

in the calculations.

5.5.1 Critical points

The �rst step on this study was to obtain the geometries of the stable species and the

critical points of the PES of DMABN-4F. They were optimised at the CASSCF(12,11)/6-

31G(d) level, and the energetics were re�ned at the CASPT2/cc-pVDZ level. These

structures of the minima localized are shown in �gure 5.20. The values of the second

order density matrix and the one electron density matrix were also calculated to gen-

erate a Valence-Bond (VB) picture of the systems and get the charges over the atoms.

These results are also shown in �gure 5.20. At the CASSCF level, we located the

S0-GS, S1-LE, S1-TICT and S1-RICT stable species with the same electronic charac-

teristics as in DMABN [9]. Because of the strong steric hindrance between the two

methyl substituents of the amino group and the �uorine atoms in the benzene ring, the

S0-GS structure has a twist angle of 55o, very di�erent from the planar geometry of

DMABN. This angle is slightly larger than the 33o obtained from the X-ray data.[44]
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5.5. DMABN-4F 119

However, previous theoretical results predict twist angles ranged from 30o to 54o de-

pending on the computational method employed [43]. The vertical excitations from

this geometry were then calculated, to obtain the energies and the electronic character

of the �rst excited states. Table 5.6 shows these computed CASSCF and CASPT2 ab-

sorption energies of DMABN-4F in the gas phase together with the experimental data

obtained in nonpolar solvents. The corresponding DMABN spectrum is also shown

for comparison.

Figure 5.20: Geometries and electronic structures (in red), values of the
second-order exchange density matrix (in italic blue) and the one-electron
density matrix (in black) of the ground state, LE, TICT, and RICT min-
ima in DMABN-4F. All bond lengths are given in Å and dipole moments in
Debyes.

Let us �rst analyze the CASSCF results. At this level, the CT (La-like) state

is located above the LE (Lb-like) state in both molecules and is characterized by a

high dipole moment and large oscillator strength. This indicates that this is the ini-

tially promoted state as it will carry most of the energy after absorption because of

the allowed character of the transition. Nevertheless, the energy gap between the two
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120 5. CHARGE TRANSFER REACTION

Table 5.6: Absorption energies (kcal·mol−1), dipole moments (m, in Debyes)
and oscillator strengths (f) obtained for DMABN and DMABN-4F at the
CASSCF/6-31G(d) and CASPT2/cc-pVDZ level in the gas phase.

Molecule State DE CASSCF DE CASPT2 DE Exp.a m f
DMABN LE 111.0 93.3 92.2 6.0 0.006

CT 140.7 102.7 101.9 13.8 0.608
DMABN-4F LE 121.0 97.9 Not visible 5.0 0.009

CT 125.6 95.7 95.5 14.2 0.318
aMaxima of the low-energy absorption band measured in n-hexane. See refer-
ence [42].

excited states, DE(S1,S2), is much smaller in DMABN-4F than in DMABN. These res-

ults agree again with Zachariasse's generalization that relates the e�ciency of the ICT

process to the energy gap between the S1 and S2 states in the Franck-Condon region

[37]. Interestingly, the inclusion of dynamic electron correlation in the calculations

introduces some qualitative changes relative to the CASSCF results. For DMABN,

the CASPT2 energies show the same ordering of the LE and ICT excited states (at

the FC region as well as along the ICT path). For DMABN-4F, though, the situation

is di�erent: at the ground state geometry the CT (La-like) and LE (Lb-like) excited

states appear almost degenerate but the CT (La-type) state is S1, 2.2 kcal·mol−1 below

the LE (Lb-like) state (Table 5.6). This result is in strong agreement with the fact

that the weak shoulder ascribed to absorption to the LE (Lb-like) state in DMABN

spectra is not visible in the spectra of DMABN-4F in n-hexane [43]. Furthermore,

the CASPT2 energetics is in good agreement with the absorption energy experimental

data. This e�ect will be enhanced in a polar solvent, which will comparatively stabilize

the CT state even further.

Let's analyse the stable species located in the �rst excited PES. S1-LE has an anti-

Kekulé benzene moiety, twisted structure, with a torsional angle of 88o, and the C of

the ring bonded to the amino group is pyramidalized, so the nitrogen and the carbon

atoms of the dimethylamino group are slightly out of the plane, like in S0-GS. S1-TICT

and S1-RICT have similar zwitterionic characters (VB structures shown in Figure 5.20)

that give rise to a large dipole moment. Both ICT species display a quinoidal structure

in the benzene ring, that is, the two CC central bonds of the benzene ring are much

shorter than the other four CC bonds. The computed dipole moment of 13.1 D for S1-

TICT is in a good agreement with the value of (13.8 ± 0.4) D estimated by Zachariasse

for the emitting ICT species [42]. At this level of theory, the S1-LE → S1-TICT in

DMABN-4F is an exoergic process, by 10.7 kcal·mol−1, in contrast to DMABN where
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5.5. DMABN-4F 121

it is an endoergic process, by 2.4 kcal·mol−1. The S1-RICT minimum, though, is

located 50.1 kcal·mol−1 above S1-LE, so it is too high in energy to be mechanistically

interesting (see Table 5.7). An antiquinoidal twisted ICT structure, with the two CC

central bonds of the benzene ring much longer than the other four CC bonds, has also

been localized lying on the S2 potential energy surface in DMABN and DMABN-4F

(Figure 5.21), S2-TICT, in agreement with previous calculations performed by Haas

and co-workers [45, 46]. Given that the �uorescence emission will never take place

from the second excited state potential energy surface, the antiquinoidal TICT species

cannot be an emitting one. No S1-PICT minimum could be located.

Figure 5.21: Geometry and electronic structure (in red), of the antiquinoid
TICT structure localized in the S2 PES in DMABN and DMABN-4F. All bond
lengths are given in Å.

Because the CT state is S2 in the Franck-Condon region but S1 at the TICT

structure at the CASSCF level, the �rst part of the reaction path after light absorption

must be nonadiabatic. That is, at this level of theory the LE and CT surfaces must

cross. The characteristics of the conical intersection (CI) found for DMABN-4F are

the same as those reported for DMABN [9]: there is an extended seam that runs

parallel to the CN(Me)2 torsion coordinate. Nevertheless, the structure of the lowest
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122 5. CHARGE TRANSFER REACTION

point of this S1/S2 conical intersection seam located in DMABN-4F has di�erent twist

and pyramidalization angles. Figure 5.22 shows this structure together with the two

degeneracy-lifting coordinates de�ning the branching space (the derivative coupling

vector and the gradient di�erence vector).

Table 5.7: Relative energies (in kcal·mol−1) and dipole moments (m,
in Debyes) of the structures located in DMABN and DMABN-4F at the
CASPT2/cc-pVDZ level in the gas phase.

DMABN DMABN-4F
Structure DE a m DE m
S1-LE 0.0 6.1 0.0 4.8
S1-Q-TICT 0.1 13.5 -17.1 13.1
S2-AQ-TICT 14.6 14.1 15.7 14.4
S2-PICT 8.4 13.8
S1-RICT 22.8 16.8 22.9 16.0
S1-TSLE/TICT b 5.2 10.5
S1/S2-CI [7.3,21.4] 7.7 [-9.3,3.5] 9.8
S0/S1-CI [-2.4,-13.5] 7.5 [-13.5,-18.8] 9.3
S1-TSLE/CI 8.2 5.5 -7.0 6.9
aCalculations performed at the CASSCF(12,11)/6-
31G(d) optimized geometries. b See Figure 5.27 for
DMABN-4F.

Figure 5.22: S1/S2 conical intersection located at CASSCF level for DMABN-
4F. Degeneracy-lifting coordinates: (a) gradient di�erence vector and (b) de-
rivative coupling vector. All bond lengths are in Å.
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5.5. DMABN-4F 123

5.5.2 Mechanistic overview

Figure 5.23 shows a scheme of the mechanism of the ICT process in DMABN and

BMABN-4F obtained on the basis our CASPT2 results that will be explained in detail

in this section.

Figure 5.23: Schematic potential energy pro�les of the ICT reaction for DM-
ABN and DMABN-4F obtained at the CASSCF(12,11)/CASPT2/cc-pVDZ
level. Energies are in kcal·mol−1.

Figure 5.24: Forces in the potential energy surface of the S2 (CT) state
calculated at CASSCF level in the Franck-Condon region of DMABN-4F.

The results of the previous sections show that the initial excitation populates the
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124 5. CHARGE TRANSFER REACTION

CT state. To determine how the system evolves immediately afterwards, the forces on

the S1-CT energy surface in the Franck-Condon region were calculated at the CASSCF

level (Figure 5.24). They show that DMABN-4F tends to relax directly towards the

TICT minimum. This feature was con�rmed by an interpolated energy path calcu-

lation at the CASPT2 level on the S1-CT (La-like) PES between the Franck-Condon

geometry and the S1-TICT minimum (Figure 5.25). No activation barrier was found,

so it is expected that after the initial photoexcitation the ICT reaction proceeded adia-

batically smoothly downhill towards the TICT minimum. These results are consistent

with the ultrafast formation of an emitting ICT species in the excited singlet state of

DMABN-4F in contrast to DMABN [42, 43].

Figure 5.25: CASPT2/cc-pVDZ energy pro�les of the LE (blue) and CT
(red) states from the Franck-Condon region to the S1-TICT minimum for
DMABN-4F obtained by a LIIC path. Energies are in kcal·mol−1.

The emission from the S1-LE species could not be detected in the �uorescence

spectrum of DMABN-4F, but the excited-state absorption (ESA) spectra of DMABN-

4F in n-hexane show a decay of the LE and a corresponding rise of the ICT absorption

[42]. This indicates that the S1-LE minimum must be populated and that it must be

directly connected with the ICT one. To check it, we calculated the energy pro�le of

the LE and CT states by linear interpolation between the Franck-Condon geometry

and the S1-LE minimum. The results are shown in Figure 5.26. They show that the

LE and CT states are almost degenerated all along this pathway. Moreover, at the

S1-LE minimum, the LE state is lower in energy than the CT one. The crossing point

between the two surfaces lies only 0.6 kcal mol−1 above the S1-LE minimum, thus this

minimum will be populated quickly and e�ectively.
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5.5. DMABN-4F 125

Figure 5.26: CASPT2/cc-pVDZ energy pro�les of the LE (blue) and CT
(red) states from the Franck-Condon region to the S1-LE minimum for the
DMABN-4F obtained by a LIIC path. Energies are in kcal·mol−1.

No transition state connecting adiabatically the LE and TICT minima could be

located because of the �atness of the surface. In order to evaluate the LE→TICT

energy barrier, we computed the energy pro�le of the LE and CT state by linear

interpolation between the S1-LE and the S1-TICT minima. The results are depicted

in Figure 5.27. They show that the activation barrier for the LE→TICT process is

only 0.3 kcal·mol−1, whereas the activation barrier for the backward process is 17.4

kcal·mol−1. Therefore, the equilibrium is strongly displaced towards the S1-TICT,

explaining the presence of the ICT emission for DMABN-4F even in nonpolar solvents.

The computed energy of this emission, of 58.4 kcal·mol−1 agrees satisfactorily with the

59.6 kcal·mol−1 obtained in n-hexane [42].

F-substitution in the phenyl ring of aminobenzontriles leads to smaller �uorescence

quantum yields and shorter decay times than in the parent compounds. The number

of �uorine substituents seems to be an important factor in the opening of the internal

conversion channel, enhancing the accessibility to a conical intersection that leads to

the electronic ground state.

The yield of internal conversion, FIC , in n-hexane at 25oC is considerable larger for

2,3,5,6-tetra�uoro-4-aminobenzonitrile (ABN-4F) (1.00) and DMABN-4F (0.92) than

for 3-�uoro-4-(1-azetidinyl)benzonitrile (P4CF3) (0.35), and for ABN and DMABN

where it is of minor importance (0.10 in both cases) [42, 47]. Therefore, it seems

interesting to discuss the possible nonradiative decay channels by internal conversion

from S1 as a competing photochemical reaction to the LE→ICT reaction, and show
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126 5. CHARGE TRANSFER REACTION

Figure 5.27: CASPT2/cc-pVDZ energy pro�les of the LE (blue) and CT
(red) states from the S1-LE to the S1-TICT minima for DMABN-4F obtained
by a LIIC path. Energies are in kcal·mol−1.

up the di�erences on this deactivation reaction for DMABN and DMABN-4F.

Figure 5.28: S0/S1 conical intersection located at CASSCF level in DMABN-
4F. Degeneracy-lifting coordinates: (a) derivative coupling vector and (b)
gradient di�erence vector. All bond lengths are in Å.

To characterize this radiationless decay channel on DMABN-4F, we located �rst

the minimum energy point of the S0/S1 CI that would correspond to the funnel for the

S1→S0 internal conversion. To check if this IC is accessible, we located the transition

state (TS) of the path connecting the S1-LE minimum with the CI. The energy of

this TS corresponds to the measured activation energy of the IC [47]. The geometries

of these critical points for DMABN-4F are shown in Figures 5.28 and 5.29, and the
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5.5. DMABN-4F 127

Figure 5.29: Transition state connecting the S0/S1 conical intersection with
the S1-LE minimum, located at CASSCF level in DMABN-4F. All bond
lengths are in Å.

energetics for DMABN and DMABN-4F are collected in Table 5.7.

The structure of the S0/S1 CI shows a strong pyramidalization of C3, in such a way

that the benzene ring looses the planarity and the H (or F) atom bonded to C3 is well

out of the plane of the molecule. This distortion is strongly unfavourable energetically

for the ground state, so the energy gap between S1 and S0 is rapidly reduced along this

coordinate. The �uorine atoms enhances the tendency of sp3 hybridation on C atoms,

facilitating the folding of the ring and lowering the energy of this path on DMABN-4F

relative to DMABN. Accordingly to this fact, the CASSCF results give a CI on DM-

ABN 2.8 kcal·mol−1 above the S1-LE minimum, while for DMABN-4F the CI is 3.9

kcal·mol−1 below the same minimum. The same tendency is found for the TS: it is 19.9

kcal·mol−1 for DMABN, but only 2.6 kcal·mol−1 for DMABN-4F. It is worth pointing

out that the geometry optimization of these critical points is only carried out at the

CASSCF level, so when the energies are recalculated at the CASPT2 level, these do

not necessarily correspond to critical points of the PES at the CASPT2 level. This is

the case for the S0/S1-CI: when the energies are recalculated at the CASPT2 level, it

is found that the S0 and S1 states are no longer degenerated. For the same reason,

the energy of the transition state denoted as S1-TSLE/CI in DMABN-4F is lower than

the supposed initial point of the path. Nevertheless, comparison of the CASPT2 ener-

gies of DMABN and DMABN-4F lead to the same conclusion than CASSCF results:

the nonradiative decay from S1 to the ground-state is almost a barrierless process in

DMABN-4F while for DMABN the barrier is non negligible. It is noticeable that the

CASPT2 activation barrier obtained for this system (8.2 kcal·mol−1) is in very good
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128 5. CHARGE TRANSFER REACTION

agreement with the 8.3 kcal·mol−1 estimated experimentally in n-hexane [47]. In view

of these results, it can be concluded that internal conversion becomes the dominating

process from the S1-LE minimum in DMABN-4F in such a way that, if this minimum

is reached, it will be quickly depopulated through the S0/S1-CI precluding the normal

�uorescence emission. These results explain the fact that normal �uorescence could

not be detected for DMABN-4F and its ICT �uorescence quantum yield in n-hexane is

only Ff = 2.6 10−3 [42]. On the other hand, the activation barrier found in DMABN

explains that internal conversion in this molecule only becomes an important decay

channel above room temperature.

5.5.3 Conclusion

The stabilization of the ICT state is further enhanced by the �uoro substituents of

DMABN-4F relative to the e�ect of the methyl substituents added to the ABN to

give DMABN. Consequently, the anomalous �uorescence band, non-existent in ABN,

appears in polar solvents in the DMABN spectrum and is eventually the only band

shown in the DMABN-4F spectrum. Moreover, in DMABN-4F, the steric repulsion

precludes the existence of planar low-energy structures, so the GS and LE minima are

pretwisted, which supports the hypothesis of a TICT structure for the CT �uorescent

species. The agreement of our results with the available experimental data supports

the conclusions of our study.

5.6 Conclusion

Our di�erent studies on DMABN and derivatives give informations on the role that

the substituents and their position play on the �uorescence behaviour of potential

ICT systems. Both geometrical constrains, through a series of alyciclic derivatives

and DTABN isomers, and electronical e�ects, with the �uoro substitution, have been

studied. Globally, our results show that the �uorescence patterns of the ICT systems

are given in most cases by the energy di�erences between the LE and TICT excited

states, both at the Franck-Condon region and at the minima. These last ones are

generally located on the S1 PES. The geometrical constrains that preclude rotation or

planarity of the molecule will destabilized the TICT or the LE minimum preferentially,

favouring the normal or the anomalous �uorescence. Nevertheless, although in all cases

studied up to now PICT minimum is located on S2 PES and therefore can not be a

luminescent species, we could not rule out the stabilization of these species in other

systems and the consequent involvement on the �uorescence emission. The small
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5.6. CONCLUSION 129

energy di�erences between the minima of the species involved in the ICT process

make that a small quantitative change could produce important qualitative changes.

For this reason, these results prove that it is not possible to make a priori prediction

of the �uorescent behaviour of a new system, based on the results for similar systems.

Unfortunately, the experience accumulated up to now make advisable to carry out

speci�c studies for any new system of interest.

The agreement of our predictions with the experimental observations support the

suitability of the computational method used for the study of this kind of photochem-

ical problems. The good agreement of compared absorption and emission energies

shows that CASSCF/CASPT2 methodology can be used not only for qualitative but

also for quantitative predictions.
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La utopía está en el horizonte. Camino dos pasos, ella se aleja dos

pasos y el horizonte se corre diez pasos más allá. ¾Entonces para que

sirve la utopía? Para eso, sirve para caminar.

Eduardo GALEANO
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Chapter 6

Conclusion

Two photochemical processes have been studied in this work: the non-radiative decay

in uracil and some of its derivatives and the intramolecular charge transfer mechanism

in DMABN derivatives.

In the �rst part, about uracil and its derivatives, the 5-�uorouracil and the 5- and

6-aminouracil, we con�rmed the ultrafast decay mechanism. Uracil, which has the

shortest excited lifetime of this family of compounds, shows a direct pathway from

the FC region to the ground state without any barrier along the axis coordinate that

breaks the planarity of the benzene ring that explains this ultrafast decay. After the

initial excitation, the wave packet decay quickly to the ground state surface trough

CIs without passing by any of the minimum on the upper excited states surface.

Part of the wave packet might go to the S1(n-p*) minimum, which is connected with

the ground state by a CI energetically innaccesible. The part of the wave packet

temporally trapped in the S1(n-p*) minimum might then cross back to the (p-p*)

surface accounting for the largest excited state lifetime, as the other potential path,

trough the (n-p*)/GS CI shows a huge barrier. This late structure has been found for

the �rst time in this work, allowing to discard de�nitively this option as a probable

mechanism of nonradiative decay of Uracil. We have then explained the longer lifetime

of the derivatives. In the case of 5-FU, a small barrier on the relaxation path explains

why the decay, even being still quick, is not as fast as in uracil. Di�erences between

the two amino derivatives have been related to the presence or not of a minimum on

the (p-p*) surface: while this minimum is not present for 6-AU, which shows a direct

decay pathway, it exists in 5-AU so the decay is slower, waht accounts for the larger

lifetime of excited 5-AU. Our results are in very good agreement with the experimental

measurements, in particular the absorption and emission energies predicted in this

work. As these are biological systems, which are usually found surrounded by solvents,
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138 6. CONCLUSION

modelizing the solvent will become a more and more important issue in their studies.

Our �rst results con�rmed the in�uence of the solvent, for example on the order of the

lower excited states.

On the other hand, the results on systems derived from the DMABN molecule

are in good agreement with experimental results as well. We con�rmed the TICT

hypothesis that support this structure as the emitting species, even in more rigid sys-

tems: the bicycle derivatives showing anomalous �uorescence all present a stable and

energetically accessible TICT minimum. The pathway to reach these emitting species

when dual or anomalous �uorescence appears has been explained in terms of equilib-

rium between the LE and TICT-states. In�uence of di�erent substitutions, depending

on their characteristics (electronic e�ects in the case of the �uor substitutions, or steric

e�ects for the DTABN isomers), and of the substitution position have been studied

with nice agreements with the experimental observations too.

In both cases, the choice of a multicon�guration ab-initio method has been proven

to be reliable as computational results �t the experimental data available. The import-

ance of the dynamic correlation in the accuracy of the calculations is clearly demon-

strated. This point is of great interest as the recent developments in methodology and

computational facilities now allow to do full optimizations at this level. If these cal-

culations are still expensive and time-comsuming, it brings great expectatives for the

future of the computational science in the �eld of photochemistry. Moreover, meth-

ods mixing di�erent levels of calculations as used in the study of bulky derivatives of

DMABN seems to give interesting results as well, even if they have to be handle with

care and their validity checked in any case.
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