JIAICIS

ARTICLES

Published on Web 11/18/2006

Intramolecular Charge-Transfer Mechanism in Quinolidines:
The Role of the Amino Twist Angle

Christof Hattig,™" Arnim Hellweg,*!" and Andreas K6hn*$5

Contribution from the Forschungszentrum Karlsruhe, Institute of Nanotechnology, P.O. Box
3640, D-76021 Karlsruhe, Germany, Instittit fahysikalische Chemie, Urérsitd Karlsruhe
(TH), D-76128 Karlsruhe, Germany, and Center for Theoretical Chemistry, Department of
Chemistry, Arhus Uniersity, DK-8000 Arhus, Denmark

Received June 14, 2006; E-mail: andreas.koehn@uni-mainz.de

Abstract: Quantum-chemical calculations with the approximate coupled-cluster singles-and-doubles model
CC2 have been carried out for 1-tert-butyl-6-cyano-1,2,3,4-tetrahydroquinoline (NTC6). For this molecule
dual fluorescence was experimentally observed, raising the discussion about the importance of the amino
twist angle for this process. The calculations suggest that both the ground state and the normal fluorescent
state are significantly twisted by 30°—40° and that the molecule is flexible enough to move into an even
stronger twisted conformation (60°—70°) in its intramolecular charge-transfer (ICT) state which is responsible
for the anomalous fluorescence band. Such a conformation both minimizes the total energy in the S; state
and maximizes the dipole moment. The barrier from the normal fluorescent state to the ICT state region is
very small. Comparison to the situation in the 1-methyl-derivative NMC6 suggests that a large alkyl
substituent makes the preferably planar normal fluorescent state energetically unfavorable compared to
the ICT state and thus promotes the occurrence of dual fluorescence.

1. Introduction is a necessary condition for the formation of a fluorescent ICT
state or not. The twisted ICT (TICT) hypothé$ipostulates
such a twist as a consequence of an electron transfer from the
amino group to the phenyl group which results in a biradicalic
structure of singlet spin symmetry, with one electron occupying
a mr* orbital of the acceptor group and the other remaining in
the nitrogen lone-pair orbital. In a simple orbital model such a
singlet-coupled electronic structure can lower its energy by

Intramolecular charge-transfer (ICT) states play a key role
for the phenomenon of dual fluorescence. The model molecule
showing dual fluorescence is BE{-dimethylamino)benzonitrile
(DMABN) for which, apart from a fluorescence band in the
energy region expected for this kind of molecules and ascribed
to a so-called locally excited (LE) state, a second, strongly red-

shifted emission band can be observetlit is now well- -\ ininizing the overlap between the two orbitals which the
established that this “anomalous” fluorescence is due to a hlghlyunloaired electron occupies, the “minimum-overlap princigle”

polar intramolecular charge-transfer (ICT) state. However, the The thus induced energy lowering is thought to be responsible

structure of the latter is still a subject of some controvérsy. for the formation of an energetically low-lying ICT state.
Basically, there is disagreement whether a strong twist of the Consequently a sufficient flexibility of the molecule is expected

amino group (or in general: the donor group) with respect to to be a prerequisite for the observation of fluorescence out of

the plane of the phenyl group (in general: the acceptor group) an ICT state.

The so-called planar ICT (PICTinodel denies the necessity

IEOFSChU_tr_‘é?izelmmrT K?{_Fr“he- of such a large-amplitude motion for the formation of a highly
niversitd Karisruhe (TH). polar ICT state, as the equilibration dynamics between the LE
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Scheme 1 of dual fluorescence in NTC6 and for its absence in NMC6
will be discussed in section 3.4. A summary and final conclu-
sions are given in the last section.

2. Computational Procedure

All computations were carried out with the analytical gradient code
for RI-CC2171820 which is part of the TURBOMOLE suite of
programs?! CC2 is a second-order approximation to the coupled-cluster
singles-and-doubles (CCSD) motfeind can be favorably implemented
using the resolution of the identity (RI) approximatiéi* for fast
evaluation of the electron repulsion integrél€xcited-state energies
and properties are calculated by applying the coupled-cluster response
theory. A recently developed parallelized versfaof the program was

] 8 ) ) used to efficiently treat molecules of the present size and complexity.
For DMABN, time-resolved vibrational spectfdn concert For an account of the capabilities and the restrictions of the CC2

with theoretical cglculaﬂoﬁ%ﬁ“ give strong support 10 &  model, the reader is referred to refs 18, 20. Here, we only note that
biradicalic electronic structure (most likely resulting in a TICT  cc2 provides for vertical excitation energies a slightly better accuracy
conformation) as the measured modes are consistent with athan the perturbative doubles correction to configuration interaction
weakened PRN bond. Recent experiments, however, raised singleg® (CIS(D)) and that CC2 can be applied for the optimization of
doubts about the role of the amino group twist in the dual excited states even in the vicinity of avoided crossings, in contrast to
fluorescence mechanist? even within the rather restricted  CIS(D) which relies on a nondegenerate perturbation theory. In ref 14
group of alkyl-aminobenzonitrile’S. the model was applied to DMABN, the “root” derivative of NMC6

A recent time-resolved X-ray diffracti§®xperiment suggests an_d NTCS6. In the IatFer article, CC2 results were compared with singlg-
that in crystalline 44¢,N-diisopropylamino)benzonitrile (DI- point calculations using more elaborate coupled-cluster models and with
ABN) the excited state (Foamino twist angle) is more planar relaxed structures .obtalned from CASSCE. These te.sts. .appeared
than it is in the ground state (14 This finding is in conflict necessary as the impact of double excitations was significant for

. . A . DMABN, their contributions to the biorthogonal norm of the excitation
with the assumption of a biradicalic ICT state for which an vector amounting to 18615%. The calculations confirmed the CC2

increased twist angle is expected even though a large twist angleesyits, in particular the (somewhat unexpected) out-of-plane bend of
may be prevented by packing effects. . the amino group. The characters of the excited states are very similar
The present work has, however, been motivated by recentfor NMC6 and NTC6, with similar biorthogonal norms, and we expect
experimental results where dual fluorescence was observed forthat the accuracy of CC2 established for DMABN carries over to these
1-tert-butyl-6-cyano-1,2,3,4-tetrahydroquinoline (NTC6; Scheme systems.
1, R = tBu),” in which the twist motion of the amino group For the optimization of the equilibrium structures, high quality basis
was supposed to be sterically hindered. This observation wassets of triple quality (TZVPP, refs 26, 27) were employed in
particularly amazing as the absence of dual fluorescence forconnection with optimized auxiliary basis sets for the RI approxima-
the 1-methyl and 1-ethyl derivatives (NMC6 and NECB6) was tion.2” For NTC6 the one-electron and auxiliary basis sets comprised
one of the main experimental arguments in favor of the TICT ©f respectively, 748 and 1756 basis functions, and for NMC6 of,
hypothesig. Therefore we investigated the systems NMC6 and respectively, 571 and 1348 basis functions. THecibses of the carbon
NTC6. using the second-order approximate coupled-cluster and nitrogen atoms were kept frozen in the correlation treatment. For
inal ! d g bl del Ct&n pp . ith h'ph | | the minimum energy path calculations a more economic basis set of
Smg, s and doubles moade ponnectlon with high- evg double¢ quality (split valence: SVP, ref 28) was chosen.
basis sets. The model was previously successfully applied to . . .
DMABN d calibrated b . ¢ d d The geometries of the ground and excited states were fully optimized
and callbrate y .Comparlson 0 more advance using standard optimization techniques based on analytic gradients.
coupled-cluster modeld.In this work, we employed a paral-

) ' 0 Because of the conformational flexibility of the aliphatic bridge and
lelized version of the RI-CC2 codfe ' which made the current e supstituent R (i.e., Me dBu) the potential energy surfaces of

application feasible. NMC6 and NTC6 feature several local minima which are almost
After giving a survey of the employed computational degenerate in energy. For the excited states the searches for the
methods, section 2, we will in section 3 successively present equilibrium structures were started from vertical excitations at the
the structures of the ground state, the LE state, and the ICTminima of the electronic ground state. The structures found this way
state of NMC6 and NTC6, including a comparison to DMABN.  are not necessarily the global minima on the excited-state surfaces but
The discussion of the LE state also includes ismpropyl- are likely those which can most easily and rapidly be reached after an
derivative NIC6: see section 3.2. The reason for the occurrenceexcnaﬁon out of the electronic ground state; i.e., these structures are

stated that a strong (or even (near-)perpendicular) twist is not
necessary to form a highly polar ICT stdte.

(11) Kwok, W. M.; Ma, C.; Matousek, P.; Parker, A. W.; Phillips, D.; Toner, (20) Hétig, C.J. Chem. Phys2003 118 7751-7761.
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(14) Kohn A.; Hatig, C. J. Am. Chem. So@004 126, 7399-7410. (23
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)
)
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low-lying states into the spectrum, such as phenyl-pyrroles like fluorazene (24) Vahtras, O.; Alml§ J. E.; Feyereisen, M. WChem. Phys. Lett1993
)
)
)

(FPP). For this molecule, dual fluorescence was observed, as well (ref 9). 213 514-518.

(16) Christiansen, O.; Koch, H.; Jargensen,Ghem. Phys. Lettl995 243 (25) Head-Gordon, M.; Rico, R. J.; Oumi, M.; Lee, T.GQhem. Phys. Lett.
409-418. 1994 219 21-29.

(17) Hatig C.; Weigend, FJ. Chem. Phys200Q 113 5154-5162. (26) Schier, A.; Huber, C.; Ahlrichs, RJ. Chem. Phys1994 100(8), 5829~

(18) Kohn A.; H&tig, C. J. Chem. Phys2003 119, 5021-5036. 5835.

(19) Hatig, C.; Hellweg, A.; Kdn, A. Phys. Chem. Chem. Phy006 8, 1159- (27) Weigend, F.; Hger, M.; Patzelt, H.; Ahlrichs, RChem. Phys. Let998
1169. 294, 143-152.
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Table 1. Calculated Absorption and Emission Energies and Dipole Moments for DMABN, NMC6, and NTC6 in Comparison with
Experimental Data?

DMABN NMC6 NTC6

Ccc2b expmt cc2 expmt cc2 expmt
absorption (9 [eV] 4.41° 4,258 4.3 4.33
absorption (9 [eV] 47T 4,56 458 4,32 4.43 4.14
osc. strengths ($ 0.039 0.03 0.03
osc. strengths ¢ 0.629 0.49 0.51
Te (LE) [eV] 4.14 4.07 3.91
emission (LE) [eV] 3.78 3.76 3.6 3.67 3.34 3.50
Te(ICT) [eV] 4.06,4.16 4.18 3.71
emission (ICT) [eV] 2.49,3.27 2.8-3.% 253 2510 3,18 2.8-3.3
dipole (GS) [D] 7.4 6.6 75 6.9 7.7 6.8
dipole (LE) [D] 10.1 9.% 10.4 10.6 12.6
dipole (ICT) [D] 13.3,15.1 17 + 1 12.7 13.5!14.7m 17-19P

aThe CC2 results for absorption and emission energies are vertical electronic transition energies; the dipole moments were calculated avatiadgic de
of the CC2 total energie$.From ref 14 unless indicated otherwi§eCC2/TZVPP (ref 33)9 EELS band maximum (ref 34}.Vertical excitation energy.
f Experimental band maximum imhexane (ref 7)9 Oscillator strength for vertical electronic transition calculated at the CC2/TZVPP level in length gauge.
h Vertical energy separation from ground state at the excited-state equilibrium stridfizsémum of dispersed emission from jet-cooled DMABN (ref 35).
I The first value is the result for the gas-phase equilibrium structure, and the second value is obtain€,ayimenetric saddle point (ref 14 Emission
energy from ICT state from maxima of fluorescence bands; ground state dipole moment derived from the dielectric constant and refractive index in 1,4-
dioxane; and the excited-state dipole moments from time-resolved microwave conductivity measurements combining data obtained in cyclwenene, be
and 1,4-dioxane (ref 36).Value refers to the ICT-3 conformeP.Value refers to calculations on the ICT-3 conformer where the pyramidalization angle at
Cg was confined to zero (ICT-P0).Experimental band maximum in methanol (ref 7Reference 7. Excited-state dipole moments were derived from the
solvatochromic shift of the fluorescence maximum.

6 NMC6 6 NTC6
.  eyp 108D
] 2D i 8D 109D 115D
> 11.5 D__.-----"Bip'\ ° 1960 1260 / —_ 126D
— ~— 1040/ 112p 120D 127D — —__ X
Sat 93D 104D/ "S\112D >4 9.90 ™ 417D 127D 147D @ 13s5p
Z 2z
>3 F >3+
S 5
g2f 55D 5.5 D 56D 271
* 57D 57D 55D
1 1t
76D
0 75D ol
GS LE ICT-1 ICT-2 ICT-3 GS LE ICT-1 ICT-2 ICT-PO ICT-3

Figure 1. Energy diagrams for NMC6 (left) and NTC6 (right). Given are the calculated vertical energies (in ey/)f &1d S at the ground state (GS),

the locally excited (LE) state, and the intramolecular charge transfer (ICT) state equilibrium geometries (all energies quoted relative il thiatgrati

its equilibrium geometry). The numbers on the bars give the calculated dipole moments (in Debye). The colors are chosen to visualize the shmilarity in
electronic structure of the,State in the GS (i.e., FranelCondon) and LE region and the-8CT state. The different structures belonging to 18T =

1, 2, 3, P0O) can be found in Figure 3. The ICT-PO structure is the approximate transition structure between ICT-2 and ICT-3. It is also present for NMC6
but was not calculated for that molecule. Note that else the sequence of ICT structures is arbitrary and does not indicate which of these lidgecloser to t
conical intersection indicated in the graphic.

most important for the short-time dynamics after excitation in the electronically excited states. Therefore, solvent effects were estimated
Franck-Condon region. Anyway, in an additional search for alternative for some casesonly, using asimple Onsager continuum approxiri&afidn.
conformational minima of the excited states we could not locate

structures which were significantly lower in energy.

Due to the huge computational effort, no (numerical) force-constant Th? fO”QW'ng discussion refers. to the numberlng of atoms
calculations were carried out. Insofar we miss an unequivocal proof @5 given in Scheme 1. We will successively discuss the
that all presented structures are indeed minima on the potential €quilibrium structures calculated for the ground state, the LE
hypersurfaces. However, as none of the considered systems has aftate, and the ICT state. Table 1 gives an overview of the CC2/
inherent spatial symmetry, it seems rather unlikely that any of the 1ZVPP results for some spectroscopic properties of NMC6 and
geometry optimizations resulted in a saddle point. This might only NTC6, as the absorption and emission energies and the dipole
happen for internal coordinates that are connected with extremely low moments, in comparison with results for DMABN and the
force constants such as methyl-group rotations. The small energy available experimental data. Additionally, Figure 1 shows the

changes connected with such a coordinate, however, would not change2 » _ Aniich o o o 5
any of the conclusions drawn in this work. (28) zsgﬁker‘ A Hom, H.; Ahlrichs, RJ. Chem. Phys1992 97 (4), 257+

3. Results and Discussion

All presented calculations refer to isolated molecules in the gas phase.(2% IT ?Chnictal details of the model calculations are given in the Supporting
: nrormation.

Therefore, a strict quantitative comparison to experiments carried out (30) Lippert, E.Z. Naturforsch.1955 10a 541-545.
in solution is not possible. The treatment of solvent effects, however, (31) Majumdar, D.. Sen, R.. Bhattacharyya, K.; Bhattacharyya, 3. Phys.

L . i ) ) k Chem.1991, 95, 4324-4329.
is difficult in connection with coupled cluster theory, in particular for  (32) Parusel, A. B. JPhys. Chem. Chem. Phy200Q 2, 5545-5552.
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Table 2. Calculated Bond Lengths (pm) and Angles (deg) of the

4; J\l/k T Ground States of NMC6 and NTC6 in Comparison with the
Results for DMABN
LUMO+1 (a) e o
3 DMABN NMC6 NTC6
] d(CgNy) 137.7 138.1 139.0
’_\\\R d(CCe) 141.4 141.2 141.2
> 21 d(CsCs) 141.4 141.9 141.1
) ] LUMO (b) d(CrCy) 138.7 138.7 138.9
d(CsCs) 138.7 138.9 138.6
£ ) d(CeCy) 140.2 140.0 139.9
> 1 d(CsCe) 140.2 140.2 140.3
o T d(CeCcn) 142.7 142.6 142.6
as -8- HOMO (b) dgCN) 118.2 118.1 118.1
- T 0 0.1 27.9
w 1 + hP 23 24.8 18.9
_ _o] @° <1 1 15
©
o 1 HOMO-1 (a) atorsion angle, defined as the dihedral angle of the normals defined by
0 = the planes @-Cg—Cs and G—N31—Cr and a vector pointing along the
= -10; bond G—N3. P Out-of-plane angle of a vector pointing along the borRa-C
O ] N1 with respect to the plane defined by-€N;—Cr (“wagging” angle).
T ¢ Out-of-plane angle of vector pointing along the bong-®!;1 with respect
-111 to the plane defined by 4 Cg—Cs.
] HOMO-2 (b _ _ :
*r ( ) (145 pm). This suggests a partial double bond character which
0 30 60 90 is supported by the calculated PN force constant of DMABN
Twist Angle in ° (see ref 14). The structural differences between NMC6 and

Figure 2. Frontier orbital of DMABN and their energies as function of NTCG. are md.uced by the sterically Qemar_\dutrgt-butyl
the twist angle. The letter in parentheses specifies the irreducible representaSubstituent which makes a coplanar orientation unfavorable.
tion of the orbital in point groufts. Rather, a tilted geometry with a twist angle of about 2&.
Table 2) is found for NTC6. Amatat3lreports twisted ground
vertical energy separations between the considered states otate structures for both NMC6 and NTC6, using Hartieeck
NMCE and NTCE for each structure. - and a nonstandard polarized douBleasis (see ref 37 for its
As indicated in Figure 1, the LE and ICT minima can formally ~ definition). With the more advanced CC2 method, however, no
be attributed to two excited singlet hypersurfaces of different yisted minimum structure for NMC6 could be reproduced.

electronic characters which interchange as a function of some Experimental structures are available for DMABN only (from

reaction qurdmate going through a conical mtersecgon. For X-ray diffraction, ref 38). These have been compared to the
DMABN this connection is established by the different irreduc- ) .
structure parameters calculated by CC2 in ref 14 which results

e e Lo’ " deatons ofup (oL o for a b (excet for e
unsymmetrically substituted NMC6 and NTC6 symmetry cannot cyano triple bond, V'd(.a infra) which is in good agrt_aement with
be used for that purpose, but for both molecules the excited experiment. As noted in re_f 14, CC2 tends to pred_|ct somewhat
states can still unequivocally be assigned by comparison of theirto,O large bond lengtfSwhich becomgs most obvious for the
electronic and geometric structures with those found for [iPlé bond of the cyano group which is 3.7 pm too long
DMABN. The electronic structures of the, @nd S states in compared to that in the X-ray structure. This shortcoming of
CC2 has been investigated before, and differential properties

amino-benzonitriles can be rationalized in terms of the five ) X TIVE k X
frontier orbitals which are involved in the main contributions @S adiabatic excitation energies and changes in the bond length

to the transitions into these staf@she three highest occupied ~ UPON excitation were shown to be much less affeéted.
(HOMO—-2, HOMO—1, and HOMO) and the two lowest We note that calculations of the transition moments for the
unoccupied (LUMO and LUMGH 1) molecular orbitals in the  vertical excitations intcs; andS;, yield similar values for both
ground state. These are depicted for DMABN in Figure 2 species despite the different twist angte3his is in agreement
together with the respective orbital energies as a function of with the experimental spectréut in contrast to the cosine-
the twist angle calculated at the SCF/SVP level for an idealized square la®? which relates the oscillator strengftho the twist
Co-symmetric structure. The diagram will be used in the angle of anilineg according to
following sections to rationalize the observed structure changes
in the excited states. N . f="f,codr.

3.1. Ground State.The most striking feature is the rather
small structural influence of the aliphatic ring in NMC6 and (33) Kohn, A, Ph.D. thesis, Universi&arisruhe, 2003
NTC6, as compared to DMABN. In particular for NMC6 and (34) Bulliafrq,'C.;AIIén, M.: Wirtz, G.: Haselbach, E.: Zachariasse, K. A.: Detzer,
DMABN, we find basically identical structure constants, Table (35) 't‘amGr;'g]fggbﬁ-ﬁ_;ngl-a%rf]"eg_‘;- é%grgaﬁgﬁgh??gzgﬁﬂmhy& Chem.
2. Both molecules feature a pyramidalized amino group A 1998 102, 64216435,
(described by the out-of-plane anghe with values of 23 to (36) \,Sv?f‘;g‘c"ﬁggg?s'ef’vk?. %’J’."ﬁi’ ss."cAr{énvm\i%rgrgagé,Jio'\g(');sﬁi(r)]gf& Uhrika)
25°). The group is coplanar to the phenyl ring and the-Rh (37) Amatatsu, Y.J. Phys. Chem. R005 109, 7225-7235.
bond is rather short, as compared to a typicalNCsingle bond, (38) Heine, A.; Herbst-Irmer, R.; Stalke, D.;"Knle, W.; Zachariasse, K. A.

)

. - . Acta Crystallogr.1994 B50, 363-373.
e.g., the bonds toward the alkyl groups in the amino moiety (39) Klevens H. B.; Platt, J. RI. Am. Chem. Sod.949 71, 1714-1720.
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Table 3. Calculated Bond Lengths (pm) and Angles (deg) for the
Locally Excited States of NMC6 and NTC6 in Comparison with the
Results for DMABN

DMABN NMC6 NTC6
d(CeNy) 138.8 139.0 142.1
d(CsCe) 141.6 1432 145.0
d(CeCs) 141.6 140.4 138.4
d(C:Cs) 143.6 141.9 140.1
d(CsCs) 143.6 1448 144.4
d(CsC?) 141.3 140.8 139.9
d(CsCs) 141.3 1416 143.6
d(CeCen) 142.6 1425 142.0
d(CN) 1183 118.3 1185
e 19 15.8 38.6
o2 0 2.2 9.0
¢ 0 1.1 8.0

a For the definition of the torsion and the out-of-plane angles, see Table
2.

Deviations from this relation have been observed earlier for
amino-benzonitriles with strong doneacceptor characté?.
3.2. Locally Excited State.As for the ground states, the Figure 3. Equilibrium structures calculated at the CC2/TZVPP level for

sterical strain of the aliphatic bridge does not play a decisive the |CT state of NTC6 : (a) ICT-1, (b) ICT-2, and (c) ICT-3. (d) ICT-PO:
role for the locally excited states of NMC6 and NTC6, even Nonpyramidalized “transition structure” between ICT-2 and ICT-3 obtained
though the differences in the structures of DMABN, NMC6, by constraining the pyramidalization angle ai © zero.

and NTC6 are somewhat larger. This concerns in particular the rape 4. Calculated Bond Lengths (pm) and Angles (deg) and

bond pattern of the phenyl moiety which for NMC6 and NTC6 Weights of the Two Most Important One-Electron Excitations (%)

; ATiAA e i . for the Intramolecular Charge-Transfer States of NMC6 and NTC6

is not purely anti-quinoid, as this is the case fqr DMABN; see in Comparison with the Results for DMABN

Table 3. Rather the unsymmetrical substitution leads to an

additional Kekuletype distortion which is most pronounced for DMABN NMCE NTC6
NTCS6. ICT ICT-1 ICT-2 ICT-3 ICT-1 ICT2 ICT-3
In the Franck-Condon region the transition to the LE state d(CgNy) 144.3 146.8 145.5 145.0 146.8 145.3 145.7
(in this connection often referred to ag tate) is dominated gggs‘é?)) iﬁ-g 122-2 iig-g iﬁ-g iié-g ﬂgi 121‘3‘-2
. : +Cs . . . . . . .
by _the one-electron I—!OMG» LUMO + 1 excitation (W|th a d(CrCy) 1372 1372 1370 1377 1373 1372 1378
weight of about 85% in the CC2 excitation vector). While the d(csCs) 137.2 138.0 137.9 137.0 137.9 137.7 137.1
HOMO is Ph-N antibinding, the LUMO+ 1 is Ph-N d(CeCv) 1429 143.4 1437 1425 143.8 1441 1424
nonbinding. From this very simple MO picture an even stronger d(CsCe) 1429 1418 1423 143.7 1419 142.8 144.0
) S - d(CsCcn) 140.9 1412 141.0 141.0 141.1 140.8 140.8
Ph—N double bond character is gxpected. This is not Completely d(CN) 1189 118.8 1189 118.9 118.8 119.0 118.9
the case, yet we observe a still rather short-Rhbond; see 7@ 90 543 658 66.6 585 69.1 65.0
Table 3. As the transition has a slight charge-transfer character:’ 21 i‘;-sl) 3:23'2 }1211175 ég-z :1%3-(1) 3-324
and removes a part of the lone-pair electrons from nitrogen, ,’:ZOMO_,LUMO 65 65 62 69 69 64
the pyramidalization angle of the amino group becomes nearly Homo-2 — LUMO 15 15 17 25 22 16

zero. This effect increases the sterical strain between the alkyl

groups on the amino moiety and the phenyl group and leads a For the definition of the torsion and the out-of-plane angles, see Table
; . . 2.

for all three systems to a slight twist of the amino group; see

Table 3. The twist angle is very similar for DMABN (1pand dipole moment of 10.7 D, similar to that of the LE states of
NMC6 (16°), whereas, due to the bulkgrt-butyl subostltuent, DMABN and NMCB6. A closer inspection of the structures of
NTC6 has a substantially larger twist angle of*3%s a  njcg and NTC6 shows that there is a subtle balance between
consequence, the LE state of NTC6 has a rather high dipole sigricq] interactions of the alkyl substituent with either the phenyl
moment, but the long £-Cs and G—Cs bonds (cf. Table 3)  mqiety or the aliphatic ring. Only in the case of NTCS, this
distinguish this state clearly from the quinoidal ICT state gnforces a larger twist of the amino group, resulting in a sudden
structures. The assignment is further corroborated by the,crease of the dipole moment in the series NMC6, NEC6
similarity of the frontier orbitals involved in the excitation at Njce NTCS.
the equilibrium structure of the LE state. _ 3.3. Intramolecular Charge-Transfer State. For both

The rather high dipole moment of the LE state of NTC6 iS yglecules NMC6 and NTC6. we found three ICT state
particularly astonishing as experiments suggest very similar onformations which are very close in energy; see Figure 1.
excited-state dipole moments for the molecules NMC6, NECB6, The structures are denoted as ICT-1. ICT-2. and ICT-3
and NIC6 (all of which do not show ICT fluorescence). regpectively. For the case of NTC6, they are shown in Figure
Therefore, the locally excited state of NIC6 was optimized at 3. {he topologies of the NMC6 structures are completely
the same level of theory as that for NMC6 and NTC6. The anajogous. The calculated structure constants are summarized
calculation resulted in a structure analogous to NMC6 with a i, Taple 4, in comparison with the structure of the twisted ICT
(40) Rettig, W.; Rotkiewicz, K.; Rubaszewska, Bpectrochim. Acta984 40A state of DMABN. AS ir_] the latter m_OIGle”e also in NMCB_anq

241-249. NTC6 the ICT equilibrium geometries display marked quinoid
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distortions (i.e., short £-Cg and G—Cs bonds) of the aromatic  the HOMO; see Figure 2. Thus, already this simple model
ring system. The main finding is, however, that the aromatic predicts that the ICT state has close to the ground state geometry
ring is no longer confined to planarity in the excited state. a gradient directed toward a twisted structure.

Rather, the carbon atomy@s pyramidalized, as it was observed With a growing twist angle the HOM©2 — LUMO

before in calculations on DMABN!#! Based on this finding  excitation increasingly contributes to the transition. The HO-
for DMABN, it had been conjectured previoustythat this MO-2 is the Ph-N binding counterpart of the HOMO. It rises
additional flexibility of the phenyl ring may help to realize in energy withr and mixes with the HOMO. As approaches
twisted structures in the ICT state of NTC6. Indeed, in the 90 one of the two orbitals becomes the lone pair at the amino
current calculations we find twist angles of the amino group of njtrogen atom, while the other is localized in the aromatic system
up to 69. It will be shown below, however, that such a twist  (minimum-overlap principle, ref 2) and the transition to the ICT
angle is energetically accessible withouf @yramidalization,  state is dominated by the— * excitation. In a many electron
as well. picture this change in the character of the excitation corresponds
The three ICT structures mainly differ in the direction of to an avoided crossing of the,lstate with a charge-transfer
pyramidalization at carbon atomgGnd the conformation of  state which at the ground state structure lies abeyac@ording
the aliphatic ring. The energetically lowest-lying structure is in to the DFT/SCI calculation of ref 42 the; 8r 3 A; state. The
both cases ICT-1, cf. Figure 1, which realizes a nearly ideal avoided crossing with this state is the main driving force for
chair conformation of the aliphatic six-member ring (Figure 3a). the formation of the TICT structures (twist and pyramidalization
The amino twist angles of these conformations are(BC6) at Gg) in DMABN and other alkyl-substituted amino-benzoni-
and 58 (NTC6), respectively. The structure ICT-2 can be triles. It leads to a pronounced stabilization of the ICT state at
derived from ICT-1 by folding up one corner of the six-member |arge twist angles and enhances the charge-transfer character,
ring (atom G), Figure 3b, while the conformation ICT-3 results  as it is apparent from the expectation values for the dipole
from ICT-2 by an inversion of the pyramidalization at atom moment (see Figure 1, and also Figure 2 of ref 14). For NMC6
Cg. These structures possess markedly higher amino twist anglesand NTC6 we find a similar change in the electronic character
than those for ICT-1, 65-69° (see Table 4). For NMC6, both  from the vertical excitations to theLstates in the Franek
the ICT-2 and ICT-3 conformers are destabilized by more than Condon region which are, as in DMABN, dominated by the
0.1 eV with respect to ICT-1. This energy increase is much one-electron excitation out of the PN antibinding HOMO,
lower for NTC6, where in particular the ICT-3 conformer lies  to the transitions at the ICT equilibrium geometries.

at only 0.04 eV higher energy. Since the twist in NTC6 and NMC6 is incomplete, the
A fourth structure in the ICT region was optimized for NTC6  glectronic structure at the equilibrium ICT geometries corre-
by constraining the & pyramidalization angle to zero, denoted  sponds to an intermediate situation in the diagram shown in
as ICT-P0O. This correponds to an approximate transition Figyre 2. For both molecules, we find sizable contributions of
structure between ICT-2 and ICT-3 (note that the exact transition the HOMO-2 — LUMO excitations (with weights of about
structure needs not have a zero pyramidalization angle). It is 15-2504) and furthermore the HOMOs have already assumed
only 0.12 eV higher in energy than the ICT-3 conformation 3 perceptible N-lone-pair character as can be seen in Figure 4.

andf has _the nge large amino twist angle as the 1CT-2 This probably also explains the trends seen in the dipole
con ormatlon (69). . moment of the ICT state when going from DMABN to NTC6
A strictly planar structure as originally proposed for the PICT 54 NMc, since it follows from the character of the involved

staté was not found. In the case of DMABN, even for a foniier orbitals that the dipole moment will increase with the
structure confined t&;, symmetry we obtained a biradicalic  ist anglez. On the other hand, the pyramidalization at the

electronic struct.ur.e wi.th along .PHN bon.d.14 This is in contrast carbon atom carrying the amino groups{@oes together with
to CASSCF optimizations that indeed find a PICT structére. ~ alocalization of the negative partial charge of the aromatic ring
Whether this difference is due to an artifact of either CC2 (which 4 this atom and thus a decrease of the dipole moment, as shown

treats double excitation contributions only perturbatively) or i, (ef 14. At the CC2/TZVPP level. the dipole moment of the
CASSCF (which needs to compromise with the size of the active |7 state in DMABN was obtainéd as 15.1 D for ti®,

spaces) remains to be clarified. But it should be noted that
irrespective of this, the PICT state found in CASSCF is always 44 a planar pheny! ring, while 13.1 D were found for the
located on the Ssurface at a markedly higher energy than the  oqyiibrium geometries with pyramidalization at the Gtom.
LE and the TICT staté?* It remains therefore doubtful that A stryctures obtained for the ICT states of NMC6 and NTC6
this particular structure plays an important role for the photo- ¢e41re 4 charge localization, and consequently we obtain dipole
physics of alkyl-aminobenzonitriles. _ moments of 11.212.7 D and 11.713.5 D, respectively. The
One reason for expecting a PICT state with a strongly |ower dipole moment of ICT-1 (as compared to ICT-2 and ICT-
conjugated amino group comes from the fact that the vertical 3) js obviously governed by the lower twist angle. The difference
transition to the % state of DMABN (also referred to as  petween the dipole moments of ICT-2 and ICT-3, however,
transition to the L state) is dominated by the one-electron seems to correlate with the degree of pyramidalization at N
HOMO — LUMO excitation, where the HOMO has PN (angle¢,). For NTC6, we tested the effect of constrainipg

antibinding character. But actually, the LUMO has a#h {5 zero (ICT-PO structure), thereby suppressing the charge
antibinding character as well and its orbital energy decreases|gcglization at @. In fact, a high dipole moment of 14.7 D

slightly faster with increasing twist angle than the energy of (egyits, which is comparable to the situation in DMABN.

(41) Gamez, 1.; Reguero, M.; Boggio-Pasqua, M.; Robb, M.JAAm. Chem. According to the Onsager model, the increase in the _dlpole
So0c.2005 127, 7119-7129. moment by 1.2 D, going from ICT-3 to ICT-PO, results in an

symmetric saddle point, with the amino group twisted by 90
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LUMO LUMO
HOMO HOMO

HOMO-1 HOMO-2 HOMO-2

Figure 4. Frontier orbitals of NMC6 (middle column) and NTC6 (right column) at the equilibrium geometry of the intramolecular charge-transfer state
(ICT-1 conformers) in comparison with the frontier orbitals of DMABN (left column).

additional solvation energy of 0.08 eVi-exane) to 0.11 eV calculations on DMABN show that, e.g., electronic polarizability
(acetonitrile, even 0.2 eV if full solvent relaxation is assumed); effects may increase the dipole moment by 2tD assoon as
i.e., in all solvents a significant shift of the ICT equilibrium the reaction field from a solvent (evemhexane) is present.
toward the ICT-PO structure can be expected. Similarly, this Whether the observed solvatochromic shifts for NTC6 indeed
structure will become more favorable than the ICT-1 structure translate into a stronger static in vacuo dipole moment of that
which ha a 3 Dlower dipole moment. The estimated solvent molecule can only be assessed from more advanced solvation
stabilization of ICT-P0O with respect to ICT-1 is 0.17 to 0.24 models and is beyond the scope of the present work. However,
eV, which makes it likely that solvent effects compensate the there is clear evidence from calculations that twisted structures
in vacuo energy difference of 0.16 eV. enhance the excited-state dipole moment (see also ref§4,2

A fit to the solvatochromic shifts of the band maxima in  42), such that the difference between experimental and calcu-
fluorescence spectra reported in ref 7 indicates for NTC6 a lated dipole moments does not indicate that other states different
strong dipole moment of 19 D in the ICT state, somewhat higher from the ones considered are involved.
than that established for DMABN (17 Bj.From the calculated Another feature connected with thg @yramidalization angle
values (13.5 to 14.7 D for NTC6 and 13.1 to 15.1 D for ¢, is the strong dependence of the energy gap between ICT
DMABN), on the other hand, it is expected that both molecules and ground state on this coordinate. For low valueg-i.e.,
have about the same dipole moment. Yet, when comparing thefor the ICT-PO structure, a vertical emission energy of 3.1 eV
calculated values with those from the experiment, it should be is found, whereas the gap for, e.g., the ICT-3 structure is only
considered that the experimentally derived excited-state dipole 2.5 eV (see Table 1 and Figure 1). The experimental value for
moments areffectve dipole moments of solvated molecules. the fluorescence maximum is 3.3 eVnrhexane which could
They are obtained as parameters from approximate modelsbe best explained by assuming an ICT equilibrium structure
(molecule assumed as rigid point dipole) for either microwave close to ICT-PO. This interpretation is supported by the above
conductance or solvent shifts. The calculated dipole moments,estimates of the solvent stabilization energy. It should be noted,
on the other hand, refer to isolated molecules, and testhowever, that the excited-state energy surface has a very shallow
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minimum for ¢,, whereas this is not the case for the ground good reaction coordinate in this region. Therefore the pyrami-
state surface. This makes a prediction of the emission maximumdalization coordinate, given by the out-of-plane angleas
difficult for two reasons: First, small errors in the excited-state defined before, was additionally considered. Note that in the
energy surface (as compared to more accurate methods) mayign convention used for this figure a positive value for
lead to large errors in the geometry which in turn results in implies a structural change toward ICT-3 (i.e., amino group
relatively large errors for the vertical energy gap. And second, above the phenyl plane in Figure 3), while a negative value
a shallow excited-state potential with considerable anharmonicity means that we approach ICT-1/ICT-2 (amino group below the
(as we are on one branch of a double minimum arapuvt 0) plane).
implies a broad vibrational wavefunction that is not centered at  For the 40 amino-group torsion, the LE-like structures are
the energetic minimum. This means that the emission maximumsstill (at least local) minima with respect #; see Figures 5
does not need to coincide with the vertical energy gap at the and 6. In the case of NMCB6, only a small barrier remains for
minimum structure of the excited state. negativeg,, while toward the ICT-3 region still a significant
3.4. Dual Fluorescence of NTC6So far, we have established energy increase is found. At theS@rsion angle the minimum
that both NMC6 and NTC6 can potentially form a twisted ICT at¢ = 0 has vanished, and the slope suggests that coming from
state, in the sense that the state has a biradicalic electronidhe LE region of the hypersurface the molecule will preferably
structure which is stabilized by a twist of the amino group, as relax toward the ICT-1/ICT-2 region.
explained in the introduction. Yet, it remains to be understood NTC6 differs clearly in this respect, as alreay for the’ 40
why NTC6 is dually fluorescent while NMC6 is not. Certainly, torsion for both directions (positive and negatigg only small
the accuracy of the present calculations does not allow deter-barriers are present; see Figure 6. At,3the LE-type minimum
mination, a priori, which molecules are dually fluorescent and becomes a saddle point with respect ¢ allowing for
which are not, as the kinetics of the L& ICT reaction are relaxation toward both ICT-1/ICT-2 and ICT-3. The trends in
very sensitive to the finer details of the potential energy surface. the dipole moments in the upper right panel suggest that
However, the comparison of calculations on DMABN, NMC6, solvation effects may favor trajectories toward ICT-3.
and NTC6 gives clear hints that enable understanding the For NTCS, the barrier height along the considered reaction
differences between these systems. path is at most 0.04 eV (4 kJ/mol) with respect to the LE
For the transition state between the LE and the (twisted) ICT minimum. A single-point calculation at the highest energy point
minimum of DMABN an estimate of 0.1 eV (with respect to using a large TZVPP basis results in a barrier height of 8 kJ/
the LE minimum) was given in ref 14, based on a few mol, which confirms that the energetics will not change
exploratory calculations along thg €action path. Gmez and significantly upon enlarging the basis set. For NMC6, a barrier
co-workerd! optimized the transition state structure at the state- height of at least 0.12 eV results, corresponding to the lowest
averaged CASSCEF level and calculated a barrier height of 0.78 calculated energy point from which the system can relax into
eV (with respect to the LE minimum). However, the CASSCF the ICT-1 region. The barrier toward ICT-3 is obviously higher
calulations treat electron correlation only for thesystem and in agreement with the fact that ICT-3 is located at 0.1 eV higher
thus are not reliable for energy differences between structuresenergy than the ICT-1 structure.
that involve strong changes in thesystem (note the large Comparing NMC6 and NTC6, we note that relative to a
differences in the CASSCF, RASSCF, and CASPT2 energetics structure with a torsion angle of 2@oth species possess low
for the transition structure in the case of ABN in the same barriers toward the ICT region, around 0.02 eV for NMC6 (see
reference). In addition, we note that the transition structure Figure 5) and around 0.04 eV for NTC6 (see Figure 6). The
reported in ref 41 features a strong pyramidalization of the ring main difference between both systems comes from the fact that
carbon atom adjacent to the amino group which differs NMC6 can further relax toward the LE region by around 0.08
qualitatively from the transition structures obtained in our work eV (the equilibrium structure is at torsion angles of arount! 10
which are much less pyramidalized (see below). at the SVP level, whereas it was°18t the TZVPP level). For
The reaction paths for NMC6 and NTC6 were investigated NTC6, such a structure with a low amino twist angle is
by constraining selected internal coordinates to fixed values andprevented by the bulkiert-butyl group (vide infra). In summary,
optimizing the remaining ones. A small SVP basis was used the calculations indicate that no significant barrier hinders an
for cost effectiveness. As a reaction coordinate, a linear equilibration reaction between the LE state and the partially
combination of the two dihedral angles defined by the atoms twisted ICT states which we discussed in section 3.3.
Cs—Cg—N;—C; and G—Cg—N;—Cg (compare Scheme 1) was We now turn to a discussion of the energy differences of the
used. To a good approximation this has the same effect asrelaxed LE and ICT states of NMC6 and NTC6, as inferred
restricting the twist coordinate (defined above) which was not from CC2 calculations with large TZVPP basis sets. At first,
possible in the current implementation of the optimization we shortly recall some results from previous wdrkon
program. DMABN. The gas-phase energetics of the LEICT reaction
For both NMC6 and NTCS, the respective LE equilibrium Wwere calculated at the CC2 level, and a slightly exothermic value
structures were used as the starting point. Increasing the torsiodAE = —0.07 eV) was found. However, from single-point
angle leads to a raise in the total energy (see Figures 5 and 6)calculations with more advanced coupled-cluster models it was
until an angle of 49 (NMCB6) to 52 (NTC6) is reached, where  concluded that CC2 tends to overestimate the stabilization of
a sudden decrease in the energy is found, accompanied by dhe ICT state by about 0.2 eV. A similar error is expected for
strong structural change including both the @ramidalization ~ the systems considered in this work, as DMABN, NMC6, and
and the formation of a quinoid bond pattern in the phenyl ring. NTC6, from their electronic structure, are very similar systems.
Obviously, the torsional motion of the amino group is not a  From Figure 3 it can be seen that, at the CC2 level of theory,
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Figure 5. Minimum energy paths and corresponding dipole moments for tretefe of NMC6. On the left panels, the torsion angle of the amino group
(nearly equivalient to the twist angte see text) is held at fixed values while the remaining degrees of freedom were reoptimized. On the right panels, both
torsion and out-of-plane ange were held fixed (torsion of 40(O); torsion of 50 (<); the solid square is the (local) minimum that coincides with the left
panel). The energy scale uses as reference point the local (LE-type) minimurh at 40

the LE— ICT reaction is only minimally exothermic for NMC6  the discussion of Figures 5 and 6, the main effect of a larger
(AE(LE — ICT-1) = —0.01 eV), and the more strongly polar alkyl group is adestabilizationof the LE state relative to the
ICT-2 and ICT-3 conformers lie at a significantly higher energy ICT state, because the bulkgrt-butyl substituent enforces a
(+0.1 eV relative to ICT-1). Considering the estimate of higher- strong twist of the amino group in the LE state and thereby
order correlation effects of+0.2 eV, the absence of dual weakens the stabilizing-fz* interactions. The ICT states of
fluorescence for this molecule is plausible. For NTC6, on the NMC6 and NTC6, on the other hand, have very similar
other hand, all ICTA conformations lie about 0.2 eV below structures; i.e., the influence of the alkyl-substituent is much
the LE state and thereby significantly lower than the ICT state smaller here. But still, the larger group causes a more planar
in the comparable calculations on DMABN. Considering again amino group (see section 3.3) which leads to increased dipole
the higher-order corrections for the LE/ICT energy difference, moments in comparison to the case for NMC6 and lowers the
we estimate that both states, LE and ICT, have about the sameenergy difference between ICT-1 and the more polar ICT-3
energy in the gas phase. Indeed, dual fluorescence in NTC6conformation.
occurs (at difference to DMABN) already for rather nonpolar A hypothetical planar ICT structure, on the other hand, does
solvents’ Above that, all ICTn structures of NTC6 are more  not provide such an evident explanation why dual fluorescence
polar than their counterparts for NMC6. The barrier height is favored with increasing size of the substituent. Rather, a planar
(estimated to be below 0.1 eV in the preceding paragraph) will ICT state is expected to be as much destabilized as the LE state,
of course be increased by higher-order correlation effects, asand it is not clear why a change of the alkyl group should favor
well, depending on the amount of ICT character at the transition one or the other. The energy gap criterion remains valid, as
structure. Solvent effects, on the other hand, reduce the barriercan be seen from Figure 1. The calculated energy difference
height (again depending on the ICT character, as the solvationbetween $and S at the ground state geometries of, respec-
energy increases with the dipole moment). It appears thustively, NMC6 and NTC6 is markedly smaller for NTC6. Thus
plausible that in solution only a small barrier from the LE region the present calculations underline that this criterion and the TICT
toward the ICT region exists. criterion of sufficient structural flexibility are independent of
Remarkably, these differences between NMC6 and NTC6 are each other.
induced by a simple change of an alkyl group which does not  The finding that an ICT state with a strong twist&0°) is
directly interfere with the electronie-system. As indicated in  in principle possible for NTC6 (and even for NMC6, where it
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Figure 6. Minimum energy paths and corresponding dipole moments for theta®e of NTC6. For detail see caption of Figure 5. On the right panels, the
points marked wittD correspond to the 4Qtorsion angle, while those marked with correspond to the Bltorsion angle.

is energetically too high-lying to be populated in an tECT branching of the trajectories toward ICT cannot be excluded.
equilibration process) gives support to the assumption that the  The presence of a directly populated ICT state, however, was
mechanism for dual fluorescence in all alkylamino-benzonitriles doubted on grounds of recent subpicosecond time-resolved
is essentially the same. Recent gas-phase measurements of thexcitation spectra of DMABN im-hexane and acetonitrif.It
short-time dynamics in DMABN derivatives after excitation to s argued that no ICT state absorption bands are present in the
the L, staté3 46 indeed give a very similar pattern for all  spectra recorded in-hexane while changes in the LE-Band on
considered molecules, also for NMC6, ref 47. The authors the picosecond scale are attributed to solvent cooling. Yet, no
interpret their results in favor of a temporary population of an alternative explanation for the short-time effects in the gas-phase
ICT state shortly after 4 excitation (direct relaxation through  measurements of Fuss and co-work&té results from this

a conical intersection on a time scale below 100 fs), and the assumptiorf? From spectra of DMABN recorded in acetoni-
anisotropy of the ion signal measured in that time window is trile,*8 in which already at delay times of 200 fs a band occurs
ascribed to a resonant ionization due to a significant twist of which is attributed to the ICT state, it is concluded that no large
the molecule £45°). Our calculation support the authors’ amplitude motion takes place after this time (implicitly excluding
assumption that such a strong twist is possible for NMC6. On a twisted conformation). However, a partial direct population
the other hand, Guez and co-workef$ have pointed out that  of the ICT state through a conical intersection would not exclude
the initial dynamics need not necessarily include the twist a significant molecular distortion (such as a twist motion) in
coordinate, as the minimum of the conical intersection seam an ultrafast process. This cannot be ruled out on grounds of the
(calculated at the CASSCF level) lies &t fvist angle. The n-hexane spectra of ref 48 as the position of the conical
energy of the seam does not increase notably until aroutd 30  intersection (and thus the branching ratio between LE and ICT
40° twist angle in those calculatiofssuch that significant  population) will depend on the solvent polarity.

— — As mentioned in the introduction, the assumption of a
(42) Parusel, & B. J Kuler, G.; Grimme, SJ. Phys. Chem. AL998 102 biradicalic ICT state is in conflict with the interpretation of a

(43) Fuss, W.; Pushpa, K. K.; Rettig, W.; Schmid, W. E.; Trushin, S. A. recent time-resolved X-ray experiment on crystalline DIABN.
Photochem. Photobiol. S&2002 1, 255-262.

(44) Trushin, S. A.; Yatsuhashi, T.; Fuss, W.; Schmid, WCBem. Phys. Lett.

2003 376, 282—291. (47) Fuss, W.; Schmid, W. E.; Pushpa, K. K.; Trushin, S. A.; Yatsuhashi, T.
(45) Yatsuhashi, T.; Trushin, S. A.; Fuss, W.; Rettig, W.; Schmid, W. E.; Zilberg, Phys. Chem. Chem. Physubmitted.

S. Chem. Phys2004 296, 1—-12. (48) Druzhinin, S. I.; Ernsting, N. P.; Kovalenko, S. A.; Lustres, L. W;
(46) Fuss, W.; Rettig, W.; Schmid, W. E.; Trushin, S. A.; YatsuhasHtaraday Senyushkina, T. A.; Zachariasse, K. APhys. Chem. £006 110, 2955~

Discuss.2004 127, 23—33. 2969.
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Although calculations support the assumption that an ICT state solvatochromic shift than that observed for the other two
with lower energy than an LE state can be formed at low twist molecules. The reaction path toward the ICT region of the
angles (see refs 14, 41) provided that substituent and/orexcited-state hypersurface involves the amino-group twist, the
environment effects tune the LE and ICT energies appropriately, pyramidalization of the ring carbon atom to which the amino

the driving force for lowering the twist angle from <Ltb 10, group connects, and a change in the bond pattern of the phenyl
as inferred from the experiment, is not evident from theory. moiety from a Kekuldike arrangement to a quinoid form. The
The issue remains to be clarified in future work. barrier of the equilibration reaction is calculated to be suf-

At this point we recall that conclusions made in the present ficiently small to be overcome under experimental conditions.
work apply to alkylamino-benzonitriles only, as stated in the  The results offer a consistent explanation why NTC6 is dually
introduction. Dual fluorescence from a planar ICT state was fluorescent while NMC6 is not. The key isdestabilizatiorof
indeed observédor fluorazene (abbrivated FPP), a derivative the LE state by large substituents which enforces a twisted amino
of N-phenylpyrrole (PP) in which the rotation about the single group and thereby reduces thea* interaction of the amino
bond between the phenyl and pyrrolo groups is rigidized by a group and phenyl moiety. The structures of the twisted ICT
methylen bridge. The near-planarity of the ICT state was state, on the other hand, remain nearly independent of the size
recently confirmed theoreticalff.Although not explicitly noted of the alkyl group. In contrast to that the substituent effects are
by the authors of ref 49, there is an important difference to ICT not consistent with a planar ICT state, as they do not explain
in amino-benzonitriles: The ICT process in FPP involves a why a larger alkyl group should energetically favor the ICT
different orbital on the donor, i.e., the highestorbital of state, as compared to an LE state that is preferably planar as
pyrrole. This orbital does not include the nitrogen lone pair and well. This argument, which is actually independent of our
thus is not present in the case of amino-benzonitriles. Further calculations, provides indirect evidence against such an ICT
excited states exist for PP and FPP which involve the nitrogen structure.
lone pair and which thus are equivalent to the exited states of The main finding of our workthe increased flexibility of
amino-benzonitriles (see ref 50). For the flexible PP therefore aromatic groups in the excited-state which allows for structures
both planar and twisted ICT states are accesstle. that cannot be predicted from rules applying to the ground state
only—may also play a role for other photochemically interesting
systems. This underlines the importance of advanced quantum-

We have carried out quantum-chemical calculations on the chemical model calculations for the prediction and understanding
excited states of the alkyl-aminobenzonitrile derivatives NMC6 of excited-state structures.

and NTC6. Our structure optimizations show that the molecular
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Concerning the LE state of NTC6, our calculations suggest
that it is more strongly polar than that of NMC6 and NIC6,
and fluorescence from this state will therefore show a larger

4., Conclusions
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on the Onsager model. This material is available free of charge

(49) Xu, X.; Cao, Z.; Zhang, QJ. Phys. Chem. R006 110, 1740-1748. via the Internet at http://pubs.acs.org.
(50) Cogan, S.; Zilberg, S.; Haas, ¥. Am. Chem. SoQ00§ 128 3335-
3345. JA0642010

15682 J. AM. CHEM. SOC. = VOL. 128, NO. 49, 2006





