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Abstract: In electron donor/acceptor species such as 4-(dimethylamino)benzonitrile (DMABN), the excitation
to the S; state is followed by internal conversion to the locally excited (LE) state. Dual fluorescence then
becomes possible from both the LE and the twisted intramolecular charge-transfer (TICT) states. A detailed
mechanism for the ICT of DMABN and 4-aminobenzonitrile (ABN) is presented in this work. The two emitting
S; species are adiabatically linked along the amino torsion reaction coordinate. However, the S,/S; CT-LE
radiationless decay occurs via an extended conical intersection “seam” that runs almost parallel to this
torsional coordinate. At the lowest energy point on this conical intersection seam, the amino group is
untwisted; however, the seam is accessible for a large range of torsional angles. Thus, the S; LE-TICT
equilibration and dual fluorescence will be controlled by (a) the S, torsional reaction path and (b) the position
along the amino group twist coordinate where the S,/S; CT-LE radiationless decay occurs. For DMABN,
population of LE and TICT can occur because the two species have similar stabilities. However, in ABN,
the equilibrium lies in favor of LE, as a TICT state was found at much higher energy with a low reaction
barrier toward LE. This explains why dual fluorescence cannot be observed in ABN. The S;—S, deactivation
channel accessible from the LE state was also studied.

Introduction and theoretical studie¢g-3° The central issues relate to (a) the

4-(Dimethylamino)benzonitrile (DMABN) is a prototype molecular and electronic structures of the emitting ICT species,
system for molecular dual fluorescence first discussed by (P) the nature of the adiabatic reaction pathway that connects
Lippert! Upon excitation in the near UV using a solvent of the LE species to the ICT emitting state, and (c) the nature of

suitable polarity, the emission spectrum displays tyvo fluo_res- (8) Lippert, E.. Rettig, W.; Bonacic-Koutecky, V.: Heisel, F.; Mighk A.
cence bands: one with the usual small Stokes shift (assigned © édv._Ch\c/avm.l |>Thy;1931 ?38, 1—17§hand' referg?ces thgl_rein.f "

Sk ; _ ettig, W. InTopics in Current Chemistry, Electron-TransferMattay,
to a benzenoid—x* excited state, théL ,-type state, or locally J., Ed.: Springer: Berlin, 1994; Vol. 169, pp 25299,

excited (LE) state), and a second band, with a large red-shift (10) Leinhos, U.; Kanle, W.; Zachariasse, K. Al. Phys. Chem1991, 95,

(attributed to the emission from a highly polar intramolecular (11) é%%ﬁ,%%%lo'om’ W.: Jonker, S. A.: Warman, J. H.: Leinhos, Uhnky
charge-transfer (ICT) state, the,type state). Dual fluorescence W.; Zachariasse, K. AJ. Phys. Chem1992 96, 10809-10819.

. . (12) Zachariasse, K. A.; von der Haar, T.; Hebecker, A.; Leinhos, Uhriky
depends on the relative energy of the two states, which can be™™ . pure Appl. Chem1993 65, 1745-1750.
fine-tuned with the polarity of the solvent. As a consequence, (13) von der Haar, T.; Hebecker, A.; Ilichev, Y. V.; Jiang, Y.-B."lie, W.;

. . R Zachariasse, K. ARecl. Tra.. Chim. Pays-Bad4995 114, 430.
the |ntenS|ty of the anomalous fluorescence increases to thE(]_4) Zachar!agse’ K. A Grgbys’.M_; von der Haar, T.; Hebecker, A.; ||"ichev,
detriment of the normal emission as the polarity of the medium X; ‘é}{é',?]”i’gga'?az“"é’éf%k" O.; Ktnle, W.J. Photochem. Photobiol.,
increases. In the gas phase, no fluorescence is observed fromus) Irichev, Y. V.; Kihnle, W.: Zachariasse, K. Al. Phys. Chem. A998
it ic hi ; 102, 5670-5680.

the ICT state because |t_ is hlghgr than the LE state (for ATRVIBW, ) v 7 iasse. K. AChem. Phys. Let200Q 320 813,
see ref 2). The mechanism behind such a phenomenon is highly(17) Demeter, A.; Druzhinin, S.; George, M.; Haselbach, E., Roulin, J.-L.;
i ; : Zachariasse, K. AChem. Phys. Let200Q 323 351-360.
controversial and has been the subject of many experimérial (18) Changenet. P.: Plaza. P.. Martin. M. M.. Meyer. Y . Phys. Chem. A

)
)
)
+ ) S . 1997 101, 8186-8194.

Departament de Qmica Fsica i Inorgaica. (19) Su, S.-G.; Simon, J. Ol. Chem. Phys1988 89, 908-919.

*Imperial College London. (20) Okamoto, H.; Inishi, H.; Nakamura, Y.; Kohtani, S.; NakagakiJ R?hys.

(1) Lippert, E.; Lider, W.; Boos, H. IPAdvances in Molecular Spectroscapy Chem. A2001, 105 4182-4188.

Mangini, A., Ed.; Pergamon: Oxford, 1962; pp 44857. (21) Kwok, W. M.; Ma, C.; Matousek, P.; Parker, A. W.; Phillips, D.; Toner,
)

(2) Grabowski, Z. R.; Rotkiewicz, K.; Rettig, VChem. Re. 2003 103 3899~ W. T.; Towrie, M.; Umapathy, SJ. Phys. Chem. 2001 105 984-990.
4031

19
20

. (22) Ma, C.; Kwok, W. M.; Matousek, P.; Parker, A. W.; Phillips, D.; Toner,

(3) Rettig, W.; Bliss, B.; Dirnberger, KChem. Phys. Lettl999 305 8—14. W. T.; Towrie, M. J. Phys. Chem. 2002 106, 3294-3305.
(4) Lippert, E.; Lider, W.; Moll, F.; Nagele, W.; Boos, H.; Prigge, H.; Seibold- (23) Techert, S.; Zachariasse, K. A.Am. Chem. So2004 126, 5593-5600.

Blankenstein, lAngew. Chem1961, 73, 695-706. (24) Zachariasse, K. A.; Druzhinin, S. I.; Bosch, W.; Machinek)J FAm. Chem.
(5) Rotkiewicz, K.; Grellmann, K. H.; Grabowski, Z. hem. Phys. Lett. S0c.2004 126, 1705-1715.

1973 19, 315-318. (25) Yoshihara, T.; Druzhinin, S. I.; Zachariasse, KJAAm. Chem. So2004
(6) Rotkiewicz, K.; Grellmann, K. H.; Grabowski, Z. Ehem. Phys. Lett. 126, 8535-8539.

1973 21, 212. (26) Fuss, W.; Pushpa, K. K.; Rettig, W.; Schmid, W. E.; Trushin, S. A.
(7) Rettig, W. Angew.Chem., Int. Ed. Engl1986 25, 971-988. Photochem. Photobiol. S&2002 1, 255-262.

10.1021/ja042413w CCC: $30.25 © 2005 American Chemical Society J. AM. CHEM. SOC. 2005, 127, 7119—7129 = 7119
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the nonadiabatic reaction path (recently documented IB#%u
via a conical intersection (CI), which connects the FC structure
on S to the LE and ICT species that emit from. S

Our discussion of the TICT problem requires some definitions
and clarifications of basic mechanistic terms as a prelude. In
general, mechanistic information is usually conveyed as a

sequence of structures (geometries) that connect initial and final
geometries along some reaction path. Yet excited-state reaction
paths can span several potential energy surfaces so one also

needs to add a state labeb(S;, etc.) to such geometries. The
transition from the reaction path on one state to the reaction
path on another state occurs at conical intersecfibrtsand

the geometry associated with such surface crossings is a central

mechanistic element for excited-state dynamics. Thus, in this
paper, for any given geometry, we will label the structure with
(a) the state label (5S1, ) and (b) the geometry (e.g., planar
P, rehybridized R, and twisted T). For example, we will denote
a planar ICT structure on,&s $-(P)ICT. This clarification of

the nomenclature is necessary because the nomenclature use

by experimentalists does not distinguish between a planar ICT
structure on & (which we shall call &(P)ICT) and a planar
CT structure on §(which we shall call &(P)ICT). Emission
might occur from the lowest energy structurg(B)ICT but
obviously not from &(P)ICT, so the notation PICT on its own

is ambiguous.

Scheme 1
Noove N
D=0 O
cN CN CN CN
(D GS (D LE

N W
CN CN
am Icr av)
charge-transfer structures. In contrast, we use the name “dot-
t” to denote covalent structures such as | and II.
We begin with a discussion of the molecular and electronic
structures of the emitting ICT species. Four different types of
molecular structures have been proposed for the emitting ICT
species of DMABN. In the twisted ICT (T)ICT modef, the
amino group is in a perpendicular position relative to the

benzene ring. A planar ICT (P)ICT structure has been suggested
by Zachariasgé&-152324in which the amino group lies in the

The electronic structure can be rigorously calculated from benzene plane. The wagged ICT (W)ICT suggested by Zachari-

an analysis of the computed excited-state wave function. The

language of the valence bond (VB) theory is particularly
convenient, and we will use this language to describe the

electronic structure. Thus, a charge-transfer (ICT) state has a

distinct electronic (i.e., VB) structure that is different from that
of a locally excited state (LE) (see Scheme 1). We shall refer
to zwitterionic VB structures, such as Il or IV in Scheme 1, as

(27) Sudholt, W.; Sobolewski, A. L.; Domcke, \8hem. Phys1999 250, 9—18
and references therein.

(28) Serrano-Andg L.; Mercha, M.; Roos, B. O.; Lindh, RJ. Am. Chem.
Soc.1995 117, 3189-3204.

(29) Sobolewski, A. L.; Domcke, WChem. Phys. Lettl996 259, 119-127.

(30) Sobolewski, A. L.; Domcke, WChem. Phys. Lett1996 250, 428-436.

(31) Sobolewski, A. L.; Sudholt, W.; Domcke, W. Phys. Chem. A998 102
2716-2722.

(32) Lommatzsch, U.; Brutschy, BChem. Phys1998 234, 35-57.

(33) Parusel, A. B. J.; Kder, G.; Grimme, SJ. Phys. Chem. A998 102
6297-6306.

(34) Parusel, A. B. J.; Kder, G.; Nooijen, M.J. Phys. Chem. A999 103
4056-4064.

(35) Parusel, A. B. J.; Rettig, W.; Sudholt, W. Phys. Chem. 2002 106,
804-815.

(36) Dreyer, J.; Kummrow AJ. Am. Chem. So200Q 122 2577-2585.

(37) Zilberg, S.; Haas, YJ. Phys. Chem. 2002 106, 1-11.

(38) Rappoport, D.; Furche, B. Am. Chem. SoQ004 126, 1277-1284.

(39) Kohn, A.; Héatig, C. J. Am. Chem. So2004 126, 7399-7410.

(40) Gedeck, P.; Schneider, B.Photochem. Photobiol., A: Che997 105
165-181 and references therein.

(41) Moro, G. J.; Nordio, P. L.; Polimeno, Aviol. Phys.1989 68, 1131~
1141.

(42) Kato, S.; Amatatsu, YJ. Chem. Phys199Q 92, 7241-7257.

(43) Fonseca, T.; Kim, H. J.; Hynes, J. J..Mol. Lig. 1994 60, 161—200.

(44) Fonseca, T.; Kim, H. J.; Hynes, J.J..Photochem. Photobiol., A: Chem.
1994 82, 67—79.

(45) Broo, A.; Zerner, M. CTheor. Chim. Actdl995 90, 383—-395.

(46) Gorse, A.-D.; Pesquer, M. Phys. Chem1995 99, 4039-4049.

(47) Soujanya, T.; Saroja, G.; Samanta,Ghem. Phys. Letl995 236 503~
509

(48) Hayéshi, S.; Ando, K.; Kato, §. Phys. Chem1995 99, 955-964.

(49) Kim, H. J.; Hynes, J. TJ. Photochem. Photobiol., A: Chert997 105
337—-343.

(50) Mennucci, B.; Toniolo, A.; Tomasi, J. Am. Chem. So200Q 122 10621
10630

(51) (a) Michl, J.; Klessinger, MExcited States and Photochemistry of Organic
Molecules VCH: New York, 1995. (b) Michl, J.; Bonacic-Koutecky, V.
Electronic Aspects of Organic Photochemistwiley: New York, 1990.

(52) Klessinger, MAngew. Chem., Int. Ed. Endl995 34, 549-551.
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asseél1246 involves a rehybridization from planar %po
pyramidal sp of the amino nitrogen. Finally, the rehybridized
ICT (R)ICT?*-3%involves a rehybridization of the cyano carbon
atom from sp to spentailing a bent cyano bond.

The nature and magnitude of the electronic coupling between
the electron donor (amino group) and the electron acceptor
(benzonotrile moiety) parts requires some discussion and
clarification. It is often assumed that the system is decoupled
in the twisted conformation because of the zero overlap of the
orbitals involved, leading to an increased charge separation in
the TICT state. However, in the planar conformation, the amino
and benzonitrile moieties are assumed to be strongly coupled
in a PICT state. Thus, the usual assumption is that the N-phenyl
bond has a single-bond character in TICT, while it has a double-
bond character in PICT.16 Experimentally, from picosecond
infrared® and resonance Ranfdmeasurements, and calcula-
tions of IR frequencied’ it was concluded that the N-phenyl
bond has a single-bond character in the ICT state, which would
support the TICT model. Theoretical computati®nsuggest
that the ICT state has a strong quinoidal character in the phenyl
moiety (which would favor the PICT structure), and a decrease
of quinoidality would be expected when the amino group was
decoupled from the rest of the molecule in TICT. In their
calculations, Zilberg and Ha#<ould only find a planar quinoid
ICT state on the Ssurface of ABN and no quinoidal TICT
structure. (Note that these authors also present results on PBN,
a pyrrolo-derivative of DMABN for which the ICT state has a
different structure.) However, several calculat®§i#&383have
found a quinoidal TICT state on;Sincluding the most recent
correlated CC2 (coupled-cluster singles and doubles) calcula-
tions by Kthn2° Thus, the twisted conformation of the amino
group and the quinoidality of the phenyl ring may not be as
contradictory as first thought. However, as we shall show
subsequently, the intrinsic electronic coupling (as manifested



Intramolecular Charge Transfer in 4-Aminobenzonitriles

ARTICLES

in the VB structure) between the amino group and the benzene Scheme 2

ring is large in both PICT and TICT structures. However, in
the TICT structure, the overlap is zero so this coupling cannot
stabilize the electronic structure.

The nature of the adiabatic reaction pathway, which connects
the § LE species to the $SICT emitting state, has been
discussed extensively in the experimental and theoretical
literature. Experiments by Zacharia¥sé>1723-25 have focused
on this adiabatic reaction path. The f®@action coordinate has
often been postulated to involve the twist of the amino group
relative to the benzene ring. This is the origin of the “TICT
mechanism”. Nonresonant multiphoton ionization experiments
support this reaction coordinat®>3However, the planarization
of the amino group coupled with a quinoidization coordinate
was also suggested as an alternative reaction coordn&tés2>
Moreover, Kdn®® suggested this coordinate could be a possible
decay path after initial vertical excitation t@.%or this model,
the term “planar intramolecular charge transfer” was coined.

This model has been supported by a recent experiment on

4-(diisopropylamino)benzonitrile (related to DMABN) in the
crystal phasé3 Another experiment revealing dual fluorescence
in a planar rigidized aminobenzonitrile also casts doubts on the
TICT mechanisn??

S,

CN

CN

S

quinoidization Geometry

Geometry
A B

N

CN CN

at conical intersection or at an avoided crossing giving rise to
a transition state) between the LE and ICT states and leads to
a low-lying TICT state?®:31.33.34,36.39.49. 50 gwever, recent high-
level ab initio calculations have suggested that those two states

The nature of the nonadiabatic reaction path, which connectscan cross along the pyramidalization of the ring carbon atom

the FC structure onSo the LE and ICT species on,Svhich
subsequently emit from;Ss a distinct mechanistic issue. The
computations of Serrano-And# as shown by oscillator
strength values, demonstrate that thé Stype state should be
considered as the initially promoted state, although it is not the
lowest excited state in the FranelCondon region (thélLy-
type state is lower in energy). Thus, thelS-type state carries
most of the energy following absorption because of the allowed
Franck-Condon character. This result confirms the previous
experiments on polarization measureménts a recent experi-
ment by F,26 the initial reaction path, which evolves on the
S, Lstype state, was observed directly. The experiments gf Fu
show that $ evolution is followed by an ultrafast internal
conversion (radiationless decay) tpvth subsequent evolution
on S to the LE and ICT minimum energy structures. Therefore,
the initial part of the reaction path following light absorption
must be nonadiabatic. The adiabatic reaction channel (connec
ing the LE and ICT emitting species om) % then subsequently
populated on § Thus, Fi§ claims that ICT and LE are formed
from S, via the Cl in a branching process. As we shall discuss

to which the dimethylamino group is attached, without the
twisting motion3® Thus, this pyramidalization coordinate con-

stitutes another possible decay path after initial vertical excitation

to the L,type state.

Unfortunately, in many theoretical studig4.3950¢the com-
putations have been based either on rigid or on relaxed (with
geometry optimization at each point) scans of the excited-state
surfaces along the torsion coordinate. Thus, the separation of
adiabatic and nonadiabatic processes is not clear, and one cannot
make any conclusion about the coordinate along which the
nonadiabatic decay is going to take place. For this, one needs
information about the actual conical intersection and the two
degeneracy-lifting coordinates so important in the understanding
of the dynamics of nonadiabatic processes.

It is clear the connection between molecular structure,

telectronic (VB) structure, and the nature of the adiabatic and

nonadiabatic pathways between dot-dot and ICT structures are

the central issues in the TICT controversy. Thus, in the next

section, we give a brief introduction of the concepts required

subsequently, observation of ICT emission is controlled by the to unify this area.

ICT-LE barrier. Consequently, two ICT reaction paths need to
be characterized theoretically: (a) the nonadiabatitS;S
reaction path leading through the funnel (conical intersection
seam) and (b) the subsequent adiabaticeSction path where

Conceptual Development: The Nature of the Extended
Conical Intersection Seam

The relationship between the VB structure and geometry is

equilibration takes place. This also raises the question as to thelmportant but subtle because the same VB structure can be

geometry on the Cl where the Sdiabatic reaction channel is
entered from $ As we shall discuss subsequently, the presence
of an extended conical intersection seam means the&ais be
populated over a range of twist and pyramidalization angles.
Theoretical contributions have also given some insight as to
the nature of the ICT reaction coordinate. As a general rule,

associated with distinct geometric structures on two different
excited state surfaces. This idea is particularly relevant near a
conical intersection and is illustrated in Scheme 2. For a given
geometry (geometry A in Scheme 2), the electronic structure
corresponding to VB structure Il (Scheme 1) lies on Gn
changing the geometry A to geometry B (Scheme 2), one passes

most theoretical studies point toward the amino group twist as through a conical intersection (diabatically), and at geometry

the reaction coordinate along which a state switch occurs (either

(53) Fy3, W.; Rettig, W.; Schmid, W. E.; Trushin, S. A.; YatsuhashiFa@raday
Discuss.2004 127, 23—33.

B the S surface has a minimum with the electronic structure
lll. In fact, a circuit of geometries (in the space of the
degeneracy-lifting coordinates) around a conical intersection

J. AM. CHEM. SOC. = VOL. 127, NO. 19, 2005 7121
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Scheme 3 excitation from the ground state to a ICT state with electronic

! structure Il in Scheme 1. In the TICT problem, we are mainly
concerned with the problem where ICT occurs as a radiationless
process. In this case, one must have a geometrical change with

X a concomitant change in the electronic structure from a dot-dot

structure such as Il to a CT structure such as Ill in Scheme 1

(i.e., the ICT process involves a change in VB structure). Thus,

the ICT process can occur as a nonadiabatic process, and our

theoretical work involves a study of the ClI line associated with
decay from I(S;) to Ly(Sy) illustrated in Scheme 3. Alterna-
tively ICT occurs as an adiabatic process and one must

Geometry A characterize the geometry, and the VB structures of the LE and

Energy E; ICT minima on $ associated with dual fluorescence. Finally,

- the relationship between these two processes must be estab-
lished. Additionally, in an aside, we will discuss the observed
decrease of fluorescence yield from the LE state with temper-
ature®®

Geometry B
Energy Eq

Energy

X) Xj (Branching Space)

X3 (Intersection Space)

Scheme 4

Computational Details

The different electronic states of ABN and DMABN have been
¢} studied with complete active space self-consistent field (CASSCF)
4 using a 6-31G(d) basis s€t.The (12e,110) CASSCF includes the
/ benzener orbitals, the amino nitrogen lone pair, and the four cyano
N X3 orbitals. Full geometry optimizations were performed without any
symmetry constraint. Numerical frequency calculations were calculated
(a) (b) for ABN to determine the nature of the stationary points. Intrinsic
reaction coordinates (IRCs) were also computed to determine the
. athways linking the critical structures (stationary points and CI).
point must pass through a same VB structure (once on the upperp The physically important part of the dynamic correlation, which is

state and once on the onver state). . crucial in the description of polar electronic states, was included using
The last conceptual point that needs to be focused on at thisegpricted active space self-consistent fitIGRASSCF). Eighteen
stage concerns the conical intersection itself (Scheme 3). Thegjectrons were distributed in 18 orbitals, with the orbital spaces RAS1,
surface crossing is characterized by two degeneracy-lifting RAS2, and RAS3 containing seven, four, and seven orbitals, respec-
geometric coordinates Xand X spanning the “branching tively. Single and double excitations were allowed from RAS1, and
space”. In these coordinates, the potential energy surfaces appearo more than two electrons were allowed in RAS3 in all configuration
as a double cone. As the geometry is changed through a thirdstate functions. The orbitals were selected using a simplified iterative
coordinate % (from the “intersection space”), which lies outside natural orbital scheme. RASSCF permits full geometry optimization,
the (Xi, X») space, the degeneracy remains. This is shown in fand the_energetlcs can be C(_)mpa_lrable_WIth multireference Conflgurgtlon
Scheme 3. At geometry A, the conical intersection structure interaction (MRCI) and multiconfigurational second-order perturbation

. ~ theory (CASPT2) in some cas&ABN geometries were reoptimized
has energy E At geometry B, the two states are still degenerate; at this level, and CASPT2 energefitsvere also computed for

however, the energy changes tg Eurther, the detailed shape  ¢omparison at both the CASSCF and the RASSCF optimized geometries
of the two intersecting surfaces will change at points A and B, (Taple 1). Solvent effects have not been included in this study, but
and this has important chemical consequences that we shalkalculations in vacuo are sufficient to provide reliable mechanistic
subsequently discuss. The “line” joining points A and B is the information.
“seam” of the conical intersection. This can be more easily  Conical intersections were optimized using the algorithm described
visualized when the energy is plotted in one coordinate from in ref 61. State-averaged orbitals were used, and the orbital rotation
the branching spacepénd one coordinate from the intersection ~ derivative correction (which is usually small) to the gradient was not
space % (Scheme 4b). One then sees a “seam” of intersection Cr?mp‘“ed- This g'Vei’j_the '°Wef1t e”er%Y po'”c;_?r“ the Cross('jngd atwhich
in this three-dimensional sub-space. A reaction path that eré are wo coordinates, the gradient difference and derivative
. . . . . ...coupling vectors (branching space), which lift the degeneracy. The
characterizes chemical change can have various orientations with . ) ) )
. . S remaining 3 — 8 coordinates (intersection space) preserve the
respect to the branching space. If the reaction path lies in the
space ()i, )(2) (arrows in Scheme 4a), then the passage through (55) Druzhinin, S. I.; Demeter, A.; Galievsky, V. A.; Yoshihara, T.; Zachariasse,
e . . . A. J. Phys. Chem. 2003 107, 8075-8085.
the cone is like sand in a funnel. On the other hand, if the (56) Frisch, M. J.; et alGaussian O3revision B.07; Gaussian, Inc.: Wallingford,
reaction path lies orthogonal to {XX5) (arrows in Scheme 4b), CT, 2004.

. . . . (57) (a) Herhe, W. J.; Ditchfield, R.; Pople, J. A. Chem. Phys1972 56,
then the crossing seam is entered via motion orthogonal to the 2257-2261. (b) Harihan, P. C.; Pople, J. Aheor. Chim. Actd 973 28,

i 213-222.
reac.tlon p.ath. . (58) Klene, M.; Robb, M. A.; Blancafort, L.; Frisch, M. J. Chem. Phys2003
With this conceptual development in hand, we can now 119 713-728.

i ioti i (59) Boggio-Pasqua, M.; Bearpark, M. J.; Klene, M.; Robb, M.JAChem.
summarize the central mechanistic questions related to the TICT Phys 2004 120 7849-7860.

problem. Charge transfer can obviously only occur, with no (60) Andersson, K.; et al. MOLCAS, Version 5; University of Lund, Sweden,
i ; i it 2000.
change in geometric structure, in a radiative process, such as(ﬁl) (a) Celani, P.; Robb, M. A.; Garavelli, M.; Bernardi, F.; Olivucci, ®hem.
Phys. Lett1995 243 1-8. (b) Garavelli, M.; Celani, P.; Fato, M.; Bearpark,
(54) Herzberg, G.; Longuet-Higgins, H. ©@iscuss. Faraday Sod963 35, M. J.; Smith, B. R.; Olivucci, M.; Robb, M. AJ. Phys. Chem. A997,
77—-82. 101, 2023-2032.

7122 J. AM. CHEM. SOC. = VOL. 127, NO. 19, 2005
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Table 1. Relative Energies between the Structures in ABN at the The most important mechanistic ideas are associated with the

gﬁﬁ%CF, RASSCF, and CASPT2 Levels (All Energies Are in kcal fact that the local topology of the two potential energy surfaces
associated with the 5, conical intersection (shown in Figure

1 as two opposed conical surfaces) changes between geometry

geometry AECASSCF  AERASSCF? AE CASPT2? AE CASPT2¢

Si_LTEICT Zg 2 1% 0 2? 915.7 23? 716.6 A and geometry B. At point A, the ICT state (A-D*) has a
gﬂp)).m 35.0 285 134145  18.619.7 minimum on $ at $-(P)ICT and the dot-dot LE state (AD)
Si-TS 335 19.8 12.916.3 14.919.0 has a minimum on Sat S-LE. We have also found a minimum
S/ Cl 26.9 22.7 7821y  [18.219.0/ corresponding to S(R)ICT, but no $-(P)ICT minimum could
Sy/S, ClI 44 6.9 [_ig'é’élé]zf E?:Zﬁ%g be located. The SLE structure shown in Figure 1 must exist
S, CI-LETS 20.7 6.1 11.614.3 14.514.6 at the position indicated, but not necessarily as a critical point

or minimum that can be optimized. As we shall discuss

* Results obtained from fully reoptimized structures at the RASSCF-  gypsequently, the;§R)ICT structure has an electronic structure
(18,7-4+7)[2,2]/6-31G* level. CASPT2 calculations performed with

CASSCF(12,11)/6-31G* reference wave function at the CASSCF optimized VerY Similar to $-(P)ICT except that the €C—N cyano angle
geometries. All of the CASSCF calculations were performed using state- is 122. (There may be a;P)ICT with a linear C¢-C—N angle

averaged 0.5/0.5 fori&5, states (state-averaging results over the three states . .
are given in italics). Multi-state corrections were included in CASPT2 that would be a transition state; however, thdf$)ICT structure

calculations only at conical intersection geometrie8ame calculations as 1S t00 high in energy to be mechanistically interesting.) In
in (b) ltJltJt fltz ?A?hsct!/:v Ogirgié%i geometri€€Energy Cciji,ﬂer?ncgd;with contrast, at point B (twisted amino group), the ICT state now
;Et}astrt)ees(.: T?1e Iar(g);re d?ffergnce betwe%%e{ﬁtleeszct\%ge\?gﬁjgslns%o(\)/vis thatSZ the twohas its m_m_lmum on Sat S-(T)ICT, whereas no potential
states are not degenerate anymore at the CASPT2 level. energy minima were found for the LE state (shown a$T13-
LE in Figure 1) on either Sor S. Thus, the ICT state has
degeneracy, which therefore persists over a wide range of molecularminima both (a) at zero torsional angles ona® S-(P)ICT as

geometries. Decay can take place away from the minimum energy pointwell as on $ at §-(R)ICT and (b) at 90torsional angle on S
on the crossing depending on the kinetic energy of the system. Sectionsyt S-(T)ICT.

of crossing seams were computed by minimizing the energy difference

along the gradient difference vector only, at varying geometries in the . )
intersection space potential energy surfaces have been represented in a space

VB structures have been determined exploiting the results of the defined by one of the two branching coordinates (X X2)

computation of the second-order exchange density mejriand the and the reaction coordinate 3X(i.e., mainly torsion). As
diagonal elements of the electronic density matrix (see ref 62 for introduced in relation to Scheme 4b, in this representation, the

details). The elements & have a simple physical interpretation, which ~ extended conical intersection hyperline appears as a “seam” in
is related to the spin coupling between the electrons localized in the three dimensions (red line labeled CI). The same minima shown

orbitals residing on the atonisand;j.®® An illustration of the meaning in Figure 1 also appear in this figure (apart from(®)ICT,

of these matrix elements can be found in ref 62. which has been left deliberately). However, in this representa-

tion, the relationship between the reaction path and the conical

intersection seam becomes clear. (We emphasize that Figure 2

Mechanistic Overview.We begin with the discussion of the IS @ simplified cartoon. It is correct only when the reaction
general features of the topology of the first two excited states coordinate excludes (i.e., is orthogonal to) the branching space
that have come from our computations. We shall focus on the coordinates. The real transition state, shown@$$Sin Figure
main mechanistic features that emerge and then return to a more2, involves motions other than simple torsion.) The two minima
detailed documentation of our results. The generic topological On S, the dot-dot $LE structure and the charge-transfar S
features of the computed potential energy surfaces are sum<{T)ICT, are shown in Figure 2, in addition to the transition state
marized in the “cartoons” shown in Figures 1 and 2. (S1-TS) connecting them. The ICT minimum op, $,-(P)ICT,

The central mechanistic feature is concerned with the S @lso shown together with the reaction path that leads to the
extended conical intersection hyperline betweear®l $ shown minimum energy crossing on the seam. Thus, the reaction paths
in Figure 1 (and discussed earlier in relation to Scheme 3). The for ICT in DMABN following photoexcitation can be visualized
degeneracy-lifting coordinates; nd X% involve mainly skeletal ~ in the cartoon corresponding to Figure 2. Two reaction pathways
deformations, neither torsion nor pyramidalization (i.e., pure @ppear: (i) a nonadiabatic reaction path evolving pfe&ding
torsion and pyramidalization do not lift the degeneracy). Thus, 0 the transient $(P)ICT structure and then decaying at the
the S/S, degeneracy is preserved along the amino-group torsion Minimum energy point on the CI (green curve), and (ii) an
(the shaded coordinate in Figure 1), which belongs to the adiabatic reaction path on Between $LE and §-(T)ICT (blue
intersection space. The “seam” of degeneracy, represented byeurve). Thus, after photoexcitation, the system relaxes,do S
the thick line between the points A and B, corresponds to the reach the §(P)ICT minimum region. This minimum is shallow,
amino torsion coordinate (and pyramidalization). Point A (zero and the crossing seam Cl can easily be accessed. Depending
torsion) corresponds to the minimum on the crossing seam. At on the extent of torsional or pyramidal vibrational motion, the
point B (90 torsion of the amino group), 8, degeneracy ~ S—S: internal conversion can occur anywhere along the
remains and the total energy has increased (as shown by thecrossing seam (i.e., at any twist angle of the amino group), and

In Figure 2, we show another “cartoon” where theaid $

Results and Discussion

gradient of color on the torsion axis). therefore can lead to the simultaneous formation e 5 and
Si-(T)ICT (two green curves evolving om $ Figure 2). We
(62) Blancafort, L.; Celani, P.; Bearpark, M. J.; Robb, M. Pheor. Chem. expect that the internal conversion directly tolE will be
Acc.2003 110, 92—-99. L ;
(63) McWeeny, R.; Sutcliffe, B. TMolecular Quantum Mechanicécademic favored’ l?eca“_se the minimum structure on th_e crossing S_eam
Press: New York, 1969; pp 14870. is not twisted in &(P)ICT. Decay at low torsion angles is
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S.«(T)ICT
SrLE  A-_D+

S,-(T)LE
A—D

A
>
EIJ
o S,-(P)ICT :
t pours
' A —D*
S,-(R)ICT

A~—D+

Figure 1. Schematic representation of the extendetSSconical intersection in a four-dimensional space (see Scheme 3), including both the branching
space (X, X2) and the amino-group torsion (intersection space) as well as the energy. The torsional coordinate is represented by the shaded axis linking
geometries A (zero torsion) and B (orthogonal amino group). The true optimized minima have been enclosed with a square box, while structures that must
exist theoretically have been indicated simply with the VB label.

1.429

1.164 1429

Energy

X, (reaction coordinate)

Figure 2. Schematic representation of the conical intersection between S
and S in a space that includes one of the two branching space coordinates
(X1, X2) and the reaction coordinate (mainly amino group torsion), and the
energy. The green curve shows the nonadiabatic pathway. The blue curve

shows the adiabatic pathway. Figure 3. /S, conical intersection in DMABN. Degeneracy-lifting
coordinates: derivative coupling vector (left) and gradient difference vector
(right). All bond lengths are in angstroms.

probably even more favored in solution because of the friction
with the solvent. Thus, relaxation to,-8E is favored both
energetically and dynamically. This could explain why all of (derivative coupling and gradient difference vectors, see Figure
the experimental evidence in solution points toLE as the S1 for ABN). These two coordinates correspond toaxXd X%

sole precursor of ICT. The internal conversion should be in Figure 1. The most important point to make is that the
followed by an adiabatic equilibration betweetlE and S- branching space does not involve either the amino group twist
(T)ICT along the blue curve. The final populations of the two or the pyramidalization coordinates and thus th&sSdegen-
states depend on the relative energy and energy barrierseracy will be preserved along the amino group torsion (Figure

controlling the dual fluorescence. 1). Thus, the branching space is dominated by skeletal deforma-
Characterization of the Nonadabatic ICT Process Associ-  tions of the phenyl ring coupled with the-@\ stretch. A

ated with Radiationless Decay from Ly(S) to Ly(S:1). The segment of the extended conical intersection seam is shown

molecular structure of the lowest point on thg s conical quantitatively in Figure 4 (see Figure S2 for ABN) for amino

intersection seam is displayed in Figure 3 together with the two group torsion and pyramidalization of the ring carbon atom of
degeneracy-lifting coordinates defining the branching space the CNMe group (there is also a slight pyramidalization of the
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Figure 4. Crossing seam along the amino group twist and pyramidalization
of the carbon atom carrying the dimethylamino group in DMABN. Angles
are relative to the value at the CASSCF optimized conical intersection
geometry. The origin is the optimized pyramidalized structure shown in
Figure 3, and the zero energy corresponds to the optimize@)8CT
structure. The structure at30° pyramidalization corresponds to the planar
conical intersection structure. Frane€ondon (FC) energy on;Ss 5.6

kcal mol* above $-(P)ICT.

From a mechanistic point of view, it is the potential surface
topology that is important (Figures 1 and 2) and highly accurate
energetics are not essential to obtain qualitative mechanistic
information, which is the main target of these computations.
Nevertheless, the electronic structures of the ICT state and the
LE state are very different, and one might expect that dynamic
electron correlation might change even the potential surface
topology®* Accordingly, we have attempted to increase the
confidence levels in our work by assessing the importance of
the dynamic correlatioff The conical intersection has been
reoptimized with the RASSCF method (in which one can include
an important part of the dynamic electron correlation yet still
reoptimize the geometry). As a further check, we have also
computed CASPT2 energies at both CASSCF and RASSCF
geometries. The results are displayed in Table 1. The CASPT2
S1—S; Cl energy gap is about 13 kcal mélusing the CASSCF
optimized conical intersection geometry. This is reduced to
between 0.8 and 3.7 kcal mdlat the RASSCF geometry. This

dimethylamino group itself, which was taken into account). highlights the importance of reoptimizing the structures with
From this figure, it can be seen that the energy of the conical dynamic correlation included. However, the RASSCF and
intersection seam at p|anar geometries (ShOWﬁmin Figure CASPT2 computatlons do show that the CASSCF results are

4) is quite high and the low energy crossing region occurs along qualitatively correct and give the main geometrical and topo-

the torsional coordinate. The lowest energy path from the S
(P)ICT minimum involves pyramidalization. This feature was

logical features of the crossing (no twist, pyramidalization).
Characterization of S; Adiabatic ICT Reaction Path. The

confirmed by an interpolated energy path calculation between energetics for the adiabatic minimum energy path connecting

S-(P)ICT and %S, CI (Figure S3). A very small barrier of
0.15 kcal/mol was found (but no transition structure could be
optimized).

The most important mechanistic point, which arises from

Figure 4, is that the seam is energetically accessible for the

complete range of torsional angles. Thus;>S; nonradiative

decay (internal conversion) can take place over the full range P

of torsion angles, depending on the vibrational energy in
torsional coordinates following photoexcitation. It then follows
that both the $LE and the $(T)ICT minima could be

populated after internal conversion at the seam. This is in

agreement with FHgiinterpretation of his observations: simul-
taneous formation of LE and TICT on, $1 DMABN. 25 (Fus

is the only researcher to have observed this phenomenon to

date.) Finally, note that FFuhas interpreted his experiments

using a branching space consisting of torsion and pyramidal-

ization of the amino nitrogen and this interpretation will need

to be revisited because our computations suggest that the
branching space includes only skeletal deformations. Note that

Zilberg and Haa¥ suggested that the conical intersection is
found along two coordinates: the Kekidati-Kekufemode and
the quinoidization/anti-quinoidization mode. Although they did
not optimize the conical intersection, their finding is in
agreement with our calculation of the branching space.

A crucial point in our proposed mechanism is that, although
no §-(P)ICT minimum could be located in ABN and DMABN,

the S LE and (T)ICT minima for DMABN and ABN are
summarized in Figure 5 together with the general shape of the
conical intersection line. The reaction coordinate (which we shall
document in the next section) is dominated by the amino group
twist, but also involves the quinoid/anti-quinoid benzene ring
skeletal deformations together with—@l stretching and the
yramidalization of the carbon atom in the CN(Megyoup. In
DMABN, the energies associated with thel$ and S-(T)ICT
minima differ by 2.4 kcal moi! (in good agreement with the
best coupled-cluster calculation of 3.9 kcal mP® and there

is a 15.7 kcal molt ICT—LE barrier. Thus, the ICT state could
be populated after equilibration, and this effect will be enhanced
in a polar solvent, which would stabilize this state further. In
ABN, the S-LE/S;-(T)ICT energy difference is 25.2 kcal ma)

and the ICT-LE barrier is reduced to 8.3 kcal m3dl Therefore,

the ABN equilibrium is strongly displaced toward the LE state
and population of §(T)ICT would not be detectable.

To test the effects of dynamic electron correlation, RASSCF
and CASPT2 computations have been carried out for ABN (see
Figure 5 and Table 1). The &E/ S;-(T)ICT energy difference
and the ICT-LE barrier are reduced to 16.0 and 3.8 kcal mpl
respectively. These results reinforce the fact thaTl€T is
not populated in ABN. Note that considering the effects of
including dynamic correlation, the CASSCF IESLE barrier
in DMABN is probably overestimated. Referring to Table 1,
one observes that the RASSCF energetics are comparable to
the CASPT2 when the RASSCF geometries are used in the

this minimum (when it exists) could be populated because the ~aAgpT2 computations. Note that, although energetics are

S,—S; internal conversion does not need the amino group twist.
For the same reasons;-@&)ICT could be populated as those

affected by dynamic correlation, the global topology of the
potential energy surface is not changed.

two structures are closely related as explained previously. There Geometry, VB Structures of the LE and ICT Intramo-

may be some systems for which the-@®)ICT is lower in
energy than S(P)ICT (with S-(P)ICT possibly being a
transition state between the two mirror images @f()ICT)
like in ABN and DMABN, but that is lower in energy than
Si-(T)ICT or at least accessible in energy.

lecular Charge-Transfer Minima. We now turn to a discussion
of the geometry of the various critical points together with an
analysis of the wave function using VB notation. It is these

(64) Borden, W. T.; Davidson, E. RAcc. Chem. Re<d.996 29, 67—75.
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Figure 5. Schematic potential energy profiles for (a) DMABN and (b)
ABN. RASSCF energetics are given in parentheses. Energetics are in kcal

mol~1.

also involves the quinoidization skeleton deformations of the
benzene ring together with-EN stretching and the pyramidal-
ization of the CN(Mej group involving both pyramidalization
of the carbon and nitrogen atoms in anti position.

We begin with a discussion of the electronic (VB) structures
of the various critical points for DMABN (shown in Figure 6
and derived from the data in Figure 7). The electronic structure
of the ground state (denoted@-6S) corresponds to an in-phase
combination of the two Kekulstructures (see Scheme 1). Itis
clear that this covalent nature (dot-dot) is retained in theES
state (similar dipole moment). On inspection of Figure 7, one
can see that the occupancies of the orbitals for &S and
Si-LE are similar, and it is the bonding that is different (because
of the anti-Kekulebenzene moiety inSLE). It is also clear
from Figure 6 that the S(P)ICT, S-(R)ICT, and the $(T)ICT
minima have similar zwitterionic character with (partial) positive
charge on the nitrogen and a phenyl quinoidal radical anion
resonance structure giving rise to a large dipole moment (note
that the dipole moments for LE and TICT are lower than the
experimental ones because the dipole moments were measured
in a polar solvent). The major difference between(B)ICT
and S-(T)ICT is the magnitude of the charge transfer (fraction
of electron transferred), being slightly greater in TICT as
expected (see Figure 7). The similar electronic (VB) structures
for S,-(P)ICT, S-(R)ICT, and $-(T)ICT are expected because
these states are diabatically linked across the conical intersection
seam as shown in Scheme 2, and Figures 1 and 2. In the ICT
minimum with a bent cyano group;$R)ICT, the negative
charge resides on the cyano nitrogen atom. Because of the larger
distance between the chargeg,(R)ICT has the largest dipole
moment, although&T)ICT displays the highest charge transfer
(a net charge oft1 is found on the amino nitrogen atom).
However, $-(R)ICT lies 33 kcal mat! higher in energy than
Si-LE in DMABN, so this species is not important mechanisti-
cally.

We now discuss the relaxed geometries shown in Figure 6.
As one might expect, these relaxed geometries reflect the
electronic (VB) structures just discussed (e.g., the increased bond
lengths in the phenyl ring on comparingSS and $LE reflect
the Kekulephenyl ring in $-GS versus anti-Kekulaature of
Si-LE). We shall try and emphasize this point in our discussion.
Further, we also want to quantify, for example, the extent of
the phenyl amino coupling in the ICT species.

Our optimized structure forSGS has a pyramidal amino
group in agreement with X-ray crystal structub@spicrowave
and high-resolution spectroscoffyas well as results reported
from previous calculation®3¢ This pyramidalization corre-
sponds to an inversion of the amino group and can be quantified
by measuring the pyramidalization angleas defined in ref
36. We foundf = 25.7 (43.0° for ABN) slightly larger than

§tructura| and electronic descriptions of the \{arious mipima that ihe experimental valué = 11.9°5 and 15366 (34° for ABN®9).

lie at the heart of the TICT controversy. In Figure 6 (Figure S4 |4 computed bond lengths are slightly larger than the X-ray
for ABN), we show the geometries of the various minima 4.5 with a standard error of 0.015 A.

optimized on g S, and $ together with the VB structures

der_ived from the a_malysis of the_ corresponding wave function, o d has a pyramidal geometry with the nitrogen and the carbon
which are shown in Figure 7 (Figure S5 for ABN). Figure S6 5i0mg of the dimethyl-amino group slightly out of plane, like

displays the transition state structure along with the transition ;, S-GS. We foundd = 21.0° (40° and 28 for ABN at
vector in ABN. By comparing the molecular geometry for the

LE and TICT critical points in Figure 6, the adiabatic ICT
reaction path can be characterized. Clearly, thea@abatic
reaction coordinate is dominated by the amino group twist, but

Our optimized geometry for the;$ E minimum is untwisted

(65) Heine, A.; Herbst-Irmer, R.; Stalke, D.;"Knle, W.; Zachariasse, K. A.
Acta Crystallogr.1994 B50, 363-373.

(66) Kajimoto, O.; Yokoyama, H.; Ooshima, Y.; Endo, €hem. Phys. Lett.
1991, 179, 455-459.
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S,-GS S,-LE S,-(PICT S;-(DICT S-(RICT
u=6.1D u=6.1D u=138D u=135D u=168D

Figure 6. Geometries and electronic structures (in red) of the ground state, LE, PICT, TICT, and RICT minima in DMABN. All bond lengths are in
angstroms.
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Figure 7. Values of the second-order exchange density matrix (in italic gray) and the one-electron density matrix (in black) in DMABN structures. Values
in brackets refer to the sum of the in- and out-of-plane components.

CASSCF and RASSCEF levels, respectively) in fairly good computations support a twisted structé&té®’1Finally, Dreyer
agreement with 25%obtained with minimal CASSCF calcula- and Kummrow® found two LE states both of planar and of
tions36 The phenyl CC bonds are expanded as expected frompyramidal structure at the CASSCF level.

the out-of-phase combination of two KeKuk&ructures. Za- We now move to the S(T)ICT structure. Our calculations
chariass® observed an expansion of the benzene ring of ABN show that the CN(Me)group is pyramidalized as well as being
(with the two central CC bonds increasing less than the other twisted so that the symmetry &s. Both the nitrogen of the
four CC bonds) and a contraction of the CN amino bond upon gmino group and the carbon of the phenyl carrying that group
excitation to $. This is in very good agreement with our are out-of-plane with respect to the phenyl ring. The nitrogen
RASSCF calculations (see Figure S4). Note that the amino js out-of-plane by ca. 4(18° for ABN at both CASSCF and
nitrogen is slightly out of the phenyl plane by cd. @nd at RASSCEF levels), while the carbon is out-of-plane by c& 10
opposite side (anti) with the methyl groups. This does not seem (11° for ABN at both CASSCF and RASSCEF levels) but in
to be due to numerical inaccuracy as the phenomenon isanti position. The twisted ;Sminimum was previously found
observed in ABN as well and persists when dynamic correlation to have C,, symmetry2°3638 Qur result agrees with recent
is included with RASSCF. This is also observed {&S. These calculations from Kan and Hétig,3® while picosecond time-
geometrical effects have been observed experimentally from resplved resonance Raman spectrosébpyggests the pyra-
rotationally resolved electronic spectroscopy of ABN. midal character of the dimethylamino group ig-@&)ICT.

There is disagreement in the literature about the structure of | 5-(T)ICT structure, the N-phenyl bond length is enlarged
the §-LE minimum. Rotationally resolved electronic spectros- py 0.06 A with respect to the ground state. (This is in agreement
copy’’ predicts a pyramidal LE minimum for ABN. Experi-  with previous CASSCF calculatio¥fsand CC2 calculation®)
mental infrared band intensitf¥and picosecond time-resolved  |n contrast, the N-phenyl bond length in-@)ICT and
resonance Raman and transient absorption spectrédqpylict Si-(R)ICT is much shorter than that in-$T)ICT. This leads
a planar conformation of the LE state, in agreement with ys to the central mechanistic question concerned with the
previous CASSCF calculatiot$?° and semiempirical stud-  coupling between the amino group and the benzene ring. In
ies#046However, recent experiment information extracted from Figure 7, it can be seen that the coupling between the nitrogen
the vibronic structure of the:S-So band® and a number of  |one pair and the phenyl ring is large for the ICT structures
(0.327 in (P)-ICT, 0.266 in (R)-ICT, and 0.393 in (T)ICT) as

(67) Berden, G.; van Rooy, J.; Meerts, W. L.; Zachariasse, KCiiem. Phys.
Lett. 1997 278 373-379.
(68) Kummrow, A.; Dreyer, J.; Chudoba, C.; Stenger, J.; Theodorus, E.; (70) Saigusa, H.; Miyakoshi, N.; Mukai, C.; Fukagawa, T.; Kohtani, S.;

Nibbering, E. T. J.; Elsaesser, J. Chin. Chem. So200Q 47, 721—-728. Nakagaki, R.; Gordon, Rl. Chem. Phys2003 119 5414-5422.
(69) Chudoba, C.; Kummrow, A.; Dreyer, J.; Stenger, J.; Nibbering, E. T. J.; (71) Scholes, G. D.; Phillips, D.; Gould, I. Ehem. Phys. Lettl997 266,
Elsaesser, T.; Zachariasse, K. @hem. Phys. Lettl999 309 357-363. 521-526.
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compared to dot-dot structures (0.06 &S and $LE). This

is a characteristic property of the ICT state. However, because
of the zero overlap of the orbitals involved in-&)ICT, the
electronic stabilization from this effect is zero. On the other
hand, because of the strong orbital overlap (FICT (and
Si-(R)ICT)), the attractive spin-exchange interaction is effective
and is manifested in the shorter N-phenyl bond length. This is
in agreement with Zachariasse’s claim that the amino group is
strongly coupled to the phenyl moiet§16

The phenyl ring of $(T)ICT exhibits a quinoidal geometry,
even when dynamic correlation effects are included (see
RASSCEF structure in Figure S4). It has been suggested that
such a quinoidal structure is incompatible with a twisted 1.165
structure3” Nonetheless, this effect has now been observed in
a number of accurate calculatiof?s6:38.3°The computatiorié
suggesting a planar ICT state used a rather restricted active Sy/S; CI S, CI-LETS
space. Figure 8. Geometries of the @S; conical intersection in DMABN and

Thermally Activated Internal Conversion from the Lo- the Fransition state on;3inking that crossing to SLE. All bond lengths
cally Excited-State S-LE. In this section, we discuss the are In angstroms.

possible nonradiative decay chgnnel by internal c?é?nversion 10 result (8.3 kcal mal?) 5 Moreover, the CASPT2SS; energy
the ground state from;SZachariasse and co-worketr$ave gap computed at RASSCF conical intersection geometry

observed that the fluorescence decay time and quantum yield oo eases to 7 kcal mdi(see Table 1). Note that the IC barrier

strongly decrease with increasing temperature in DMABN and decreases to about 14 kcal mbith CASPT2 computed at
ABN in an alkane solvent. They have established that DMABN both the CASSCF and the RASSCF geometries.

and ABN undergo efficient thermally activated internal conver- _
sion (IC). Upon increasing the temperature for DMABN in Conclusion

n-hexadecane from 18 to 28T, the IC yield increases from This study stands out among a long list of theoretical works
0.04 to 0.95. This occurs at the expense of intersystem crossingq, being the first to have accurately characterized the S
(ISC) and fluorescence quantum yield. Thus, IC replaces ISC geactivation channel and the adiabatic ejuilibration path
as the dominating deactivation pathway of the first excited petween the LE and ICT states in 4-aminobenzonitriles. The
singlet state Sat temperatures higher than 126. The IC level of calculation used allows one to describe both states with
activation energies have similar values for both DMABN (7.5 3 good level of confidence thanks to the inclusion of dynamic
kcal mof™) and ABN (8.3 kcal mot?). Because ICT is not  correlation effects combined with geometry optimizations. We
present in alkane solvents for these systems, the thermallypejieve that the results just presented clarify some aspects of
activated IC process is not mechanistically related to ICT. the controversy associated with electron donor/acceptor TICT
Nonetheless, this channel should be taken into account asprgcesses. The mechanism is remarkably simple. After excitation
excitation energies to the highep 8xcited state would leave g the S state, the system relaxes quickly to the shallow S
the system with sufficient energy to access suchadeactivation(p)|c-|- minimum (see IRC calculation in Figure S8). No
channel. significant barrier occurs between-@)ICT and the optimized
Figure 8 displays the structure for thg§ ClI corresponding Si/S; Cl (see Figure S3). Because of the extended conical
to the funnel for the thermally activated IC, as well as the intersection seam, ultrafast nonradiative-5,; decay can take
transition state, which links this funnel to the-ISE minimum place at various torsion angles of the dimethyl-amino group
(see Figure S7 for ABN). The funnel lies less than 3 kcalthol  leading to either SLE or S-(T)ICT geometries. Experimentally,
above the $LE minimum. Because the distortion needed to the ultrafast decay through the/S; CI leads to both LE and
take the system from the-&E minimum to the funnel (mainly ~ TICT simultaneously¥® The branching at the CI favors the
pyramidalization of the ring carbon atom carrying NMand formation of the LE state because the lowest energy point on
wagging of the amino nitrogen) is strongly unfavorable ener- the crossing seam is not twisted. Equilibration can then occur
getically in the ground state, the energy gap betweesn8 9 on S, so the dual fluorescence is controlled by theL& and
is rapidly reduced along this coordinate, opening up an IC S;-(T)ICT adiabatic reaction path. In ABN, because the equi-
deactivation channel. As pointed out in ref 55, the measured librium is displaced toward the LE minimum, tha-&@)ICT
IC activation energy corresponds to the barrier that has to be minimum is not populated, and fluorescence occurs only from
overcome to bring the system to thg & CIl. The CASSCF IC the S-LE state. This result was reinforced by RASSCF
potential energy barrier is 19.9 kcal mélfor DMABN and calculations (reoptimizing the geometry) including dynamic
20.7 kcal mot? for ABN. CASPT2 calculations at the conical  correlation. Moreover, the S-S, deactivation channel acces-
intersection geometry for ABN give anySS; energy gap of sible from the $LE state was also identified.
about 20 kcal mol. Those results show that both structures  Finally, a discussion about the observation of dual fluores-
and energetics are inaccurate at CASSCF. Accordingly, we cence in planar rigidized CT systetfig® is necessary. This
performed RASSCF optimizations for ABN. The structures are phenomenon is not inconsistent with our proposed mechanism
presented in Figure S6. The IC barrier is now reduced to 6.1 for ICT. Because pyramidalization is not constrained in those
kcal mol%, in much better agreement with the experimental systems, the conical intersection will still be accessible along
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this coordinate. Although in the case of DMABN we found the that the role of the solvent in ICT mechanism is very important
ICT emitting species to be the-$T)ICT state, we believe that  for the adiabatic equilibration and has not been included in this
the ICT § minimum structure will depend on the system (type study. Nevertheless, we expect the solvent to affect mainly the
of compounds and substituents) and the environment (crystalenergetics and not the topology of the potential surfaces.

or solution, solvent, ...). In the case of the observations on
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groups. Further, in planar rigidized systems NT¥&& FPP2°

the § ICT minimum is expected to be planar and not twisted
because the torsion of the amino group is sterically hindered.
Thus, the ICT emitting species is a-&)ICT minimum (not
S,-(P)ICT which exists in both dual and nondual fluorescent

. 39
systems). Note that o and Hatig*™ suggest that NTC6 may Figure S4 displays the geometries and electronic structures for

still be able to twist in its ICT state and that data in ref 24 do ABN. Figure S5 gives the VB structures in ABN. Figure S6

not necessarily exclude a TICT mechanism. This conjecture has " .
not been substantiated with any data, and calculations on thes€ hows the transition state connecting & and S~(T)ICT along

rigidized dual-fluorescent species are therefore necessary. AnWlth the transition vector. Figure S7 displays thgSs Cl and

important point in our mechanism is that it does not exclude the transition state linking this funnel ta-8E in ABN. Figure

the S-(P)ICT mechanism because the-5,; internal conversion 38 :Qﬁwf;tohrﬁ IIF;;craelchu?goanngog(; tr']l'iizr?nﬁior?:loig :/%:ﬁgble
does not need the amino group twist. Finally, we should note ) P :
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Supporting Information Available: Cartesian coordinates and
energies of the optimized CASSCF and RASSCF structures.
Figure S1 shows &S, Cl in ABN along with the branching
space. Figure S2 shows the extended crossing seam in ABN.
Figure S3 gives the energy path between(F)ICT and ClI.
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