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Abstract: 4-(N,N-Dimethyl-amino)benzonitrile (DMABN) is a prototype molecule for dual fluorescence. The
anomalous emission has been attributed to an intramolecular charge-transfer (ICT) state, and the structure
of the latter is still subject to some controversy. We applied a recently developed analytical gradient code
for the approximate coupled-cluster singles-and-doubles method CC2 in combination with accurate basis
sets to address this problem. Fully optimized excited state structures are presented for the ICT state and
the so-called locally excited state, and recent transient IR and Raman measurements on the excited states
are interpreted by means of calculated harmonic frequencies. Strong evidence is found for an electronic
decoupling of the phenyl and the dimethyl-amino moiety, resulting in a minimum structure for the ICT state
with a twisted geometry. In contrast to previous findings, the structure of this state is, at least in the gas
phase, not C,, symmetric but distorted towards Cs symmetry. The distortion coordinate is a pyramidalization
of the phenyl carbon atom carrying the dimethyl-amino group. The results from the CC2 model are supported
by single-point calculations using more elaborate coupled-cluster models (CCSD, CCSDR(3)) and by
CASSCEF calculations.

1. Introduction the Ly-type state, also termed locally excited (LE) state, is
populated which on a picosecond time scale can convert into
the anomalously fluorescing state. Zachariasse et al. have also
pointed out that a small energy gap (betweenthgandlL,
states) in the FranekCondon region is another important

4-(N,N-Dimethyl-amino)benzonitrile (DMABN) is probably
the most prominent representative of a class of demaaceptor
substituted benzene derivatives with unusual fluorescence
properties. More than 40 years ago, Lippert and co-wotkers prerequisite for the occurrence of dual fluoresceéhédove
observed that in solutions of DMABN, apart from the expected that, the assumption of electronic decoupling between the
fluc_)rescence band, a second strongly red-shifted band aPPeAFimethyl-amino and the benzonitrile moiety was criticiZéd,
which shows a_marked dependence on solvent polarity and and an alternative reaction coordinate was put forward: the
temperature. This phenomenon was termed “dual fIuorescence”.Iolanarization of the dimethyl-amino group and a coupling of
The “normal” fluorefcence bano!’was assignedioetype state nitrogen lone pair to the-system in the sense of a quinoid
(B band), anq the “anomalous” band was attanted tha electron system8 For this model, the term “planar intra-
type state which was expected to have a large dipole moment. . o1 -ular charge transfer’ (PICT) was coirfid.Further
Grabowski et af-* suggested a mechanism that involved, in the alternative reaction coordinatés!'? have been discussed too,
electronically excited state, a charge transfer from the dimethyl- but there is nowadays common agreement that these are not
amino group to the benzonitrile moiety accompanied by @ 90 primarily involved in the ICT process.
twist of the dimethyl-amino group relative to the ring plane of Only recently, while the manuscript of this article was being

the remainingr-system. The two _sut_)units were assumed to be revised, a new paper appeak&id which the occurrence of ICT
thu_s electronically decou_pled _(pr|n0|ple of minimum ovefjap was reported for tert-butyl-6-cyano-1,2,3,4-tetrahydroquinoline
This model was termetivisted intramolecular charge transfer (NTCB), a “planarized” molecule in which the twisting motion

(TICT). Later it was shown th?‘ the ICT state canqot be is considered as sterically hindered. This has been taken as
populated through direct absorption of a photdRather, first

(6) Zachariasse, K. A.; von der Haar, T.; Hebecker, A.; Leinhos, Uhrifey

+ . . . W. Pure Appl. Chem1993 65, 1745-1750.
New address: Department of Chemistry, Arhus University, DK-8000 (7) von der Haar, T.; Hebecker, A.; Ilichev, Y.; Jiang, Y.-B. e, W.;

Arhus, Denmark. Zachariasse, KRecl. Tra. Chim. Pays-Bad995 114, 430-442.
(1) Lippert, E.; Lider, W.; Boos, H. IPAdvances in Molecular Spectroscapy (8) Ilichev, Y. V.; Kiihnle, W.; Zachariasse, K. Al. Phys. Chem. A998
Mangini, A., Ed.; Pergamon: Oxford, 1962; pp 444857. 102 5670-5680.
(2) Grabowski, Z. R.; Rotkiewicz, K.; Siemiarczuk, A.; Cowley, D. J; (9) Zachariasse, K. AChem. Phys. Let00Q 320, 8—13.
Baumann, WNow. J. Chim.1979 3, 443—-454. (10) Schuddeboom, W.; Jonker, S. A.; Warman, J. M.; Leinhos, Uhnityy
(3) Rotkiewicz, K.; Grellmann, K. H.; Grabowski, Z. hem. Phys. Lett. W.; Zachariasse, K. AJ. Phys. Chem1992 96, 10809-10819.
1973 19, 315-318. (11) Gorse, A.-D.; Pesquer, M. Phys. Chem1995 98, 4039-4049.
(4) Rettig, W.Angew. Chem., Int. EA.986 25, 971-988. (12) Sobolewski, A. L.; Domcke, WChem. Phys. Lett1996 259, 119-127.
(5) Leinhos, U.; Kinle, W.; Zachariasse, K. Al. Phys. Chem1991, 95 (13) Zachariasse, K.; Druzhinin, S.; Bosch, W.; Machinek JRAmM. Chem.
2013-2021. So0c.2004 126, 1705-1715.
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indication that the twisting motion is no necessary prerequisite spectra in favor of the TICT hypothesis. The accuracy of the
for the formation of an ICT state in amino-benzonitriles. CASSCF calculatior’8 and the direct relation between structure
However, up to now not much is known about structures of and vibrational normal modes, however, has been criticized by
molecules in electronically excited states, and it is not clear to Okamoto et af:30
what extent empirical rules for ground states can be readily Only in a very recent work, Rappoport and Furéhearried
transferred (see section 4 of this paper). out full geometry optimizations of the excited states of DMABN
The ongoing debate on the various models has in recentemploying time-dependent density functional theory (TDDFT)
decades stimulated many theoreticians to work on DMABN and and large basis sets of triplevalence quality. They also
related systems, and a long list of publications exists (e.g., refscalculated the vibrational frequencies and gave a detailed
12, 14-26). The main motivation for employing quantum interpretation of the spectra. However, the results presented in
mechanical calculations for these systems lies in the large this study, in particular the reaction energies, are impaired by
complexity of the problem, which cannot be solved based on the problems that currently available functionals encounter for
simple qualitative models alone (see also the analogous com-charge-transfer states (see, e.g., ref 36). For example, a much
ments in the conclusions of ref 26). The main task of theoretical too large exothermic LE> ICT reaction is predicted, as clearly
work is therefore to augment the experimental work by (a) stated by the authof§.Also, the energy curve of the LE state
testing the employed models on consistency with quantum along the torsion coordinate shows an odd behavior, staying
mechanical rules and (b) offering further predictions on which nearly constant with two minima at 32.and 90. Certainly,
the models can be verified experimentally. the results of this study need to be augmented by more precise
The long list of theoretical work mentioned above may indeed methods to obtain a more satisfactory picture of the ICT process.
be confusing for nonexperts which are not in every detail aware In this communication, we present for the first time relaxed
of the strengths and weaknesses of the different methods,excited-state structures and vibrational frequencies obtained from
although most authors tried to point out the limitations of their a pure ab initio method that includes electron correlation,
work. Certainly, each of the above contributions added another employing tripleé valence basis sets, and fully optimized
important element to the puzzle, and in great detail all the studiesstructures for the excited states. The employed method stems
converge to the same picture, viz. that only the twisting of the from the coupled-cluster (CC) family of methods and treats
dimethyl-amino group leads to an low-lying ICT state. Yet, a electron correlation up to second-order perturbation theory. It
detailed knowledge on the actual minimum structure of the ICT has been termed C€2and can be viewed as an approximation

state is missing as discussed in the following.

to the coupled-cluster singles and doubles (CCSD) model. We

In particular, due to the absence of efficient analytical gradient have recently developed an analytic gradient progt&ffor
codes, no excited state geometry optimizations have so far beeran improved CC2 cod®, with respect to computation times,

carried out at a level beyond configuration interaction in the

that made this extensive application feasible.

space of single excitations (CIS) or complete active space self-5 computational Procedure

consistent field (CASSCF); i.e., dynamic electron correlation

Ground and excited state structures were optimized at the ab initio

has been neglected so far. Above that, only moderately sized,q,q using the analytic RI-CC2 gradient c84é° of the TURBOMOLE

basis sets of doublg-quality were employed which additionally

program packag#.CC2 compares with respect to both accuracy and

limited the accuracy. The need for relaxed excited-state computational effort with second-order MghePlesset perturbation
structures, and analytical gradient codes is even more obvioustheory (MP2) for the ground state. In contrast to the latter, it also allows
for the interpretation of recent experimental results on the for the calculation of excited-state energies. We note that the method

vibrational modes of the states involved in the ICT proéss.

In particular, it was suggest&d*to monitor the Ph-N vibration
which was at the CASSCF level predicted to shift down for a
TICT state and to shift up for a PICT st&eBased on this
prediction, Kwok et af®2%interpreted their time-resolved Raman

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

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

(16) Sudholt, W.; Sobolewski, A. L.; Domcke, \ehem. Phys1999 240, 9—-18.

(17) Sudholt, W.; Staib, A.; Sobolewski, A. L.; Domcke, ®hys. Chem. Chem.
Phys.200Q 2, 4341-4353.

(18) Parusel, A. B. J.; Kider, G.; Grimme, SJ. Phys. Chem. A998 102

6297-6306.

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

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

(21) Dreyer, J.; Kummrow, AJ. Am. Chem. So@00Q 122, 2577-2585.

(22) Cammi, R.; Menucci, B.; Tomasi, J. Phys. Chem. R00Q 104, 5631
5637.

(23) Menucci, B.; Toniolo, A.; Tomasi, J. Am. Chem. So200Q 122, 10621+
10630

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

(25) Jamorski ddicke, C.; Lihi, H. P.J. Chem. Phys2002 117, 4146-4167.

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

(27) Hashimoto, M.; Hamaguchi, H. Phys. Chem1995 99, 7875-7877.

(28) Kwok, W. M.; Ma, C.; Matousek, P.; Parker, A. W.; Phillips, D.; Toner,
W. T.; Towrie, M. Chem. Phys. LetR00Q 322, 395-400.

(29) Kwok, W. M.; Ma, C.; Matousek, P.; Parker, A. W.; Phillips, D.; Toner,
W. T.; Towrie, M.; Umapathy, SJ. Phys. Chem. 2001, 105 984—990.
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relies on a predominant single-reference character ojtbend state

The excited state should be dominated by single replacements with
respect to the ground state wave function. The resolution-of-the-identity
(RI) approximatiof®~#4 is used to improve the efficiency of the code
without sacrificing the accuracy of the restitg%45

(30) Okamoto, H.; Inishi, H.; Nakamura, Y.; Kohtani, S.; NakagakiJRPhys.
Chem. A2001, 105 4182-4188.
(31) Okamoto, H.; Kinoshita, M.; Kohtani, S.; Nakagaki, R.; Zachariasse, K.
A. Bull. Chem. Soc. Jpr2002 75, 957-963.
(32) Kwok, W. M.; Ma, C.; Phillips, D.; Matousek, P.; Parker, A. W.; Towrie,
M. J. Phys. Chem. R00Q 104, 4188-4197.

(33) Ma, C.; Kwok, W. M.; Matousek, P.; Parker, A. W.; Phillips, D.; Toner,
W. T.; Towrie, M.J. Phys. Chem. 2002 106, 3294-3305.

(34) Chudoba, C.; Kummrow, A.; Dreyer, J.; Stenger, J.; Nibbering, E.; Elsaesser,
T.; Zachariasse, KChem. Phys. Lett1999 309 357—363.

(35) It should be noted, however, that the neglect of correlation effects causes
CASSCF force constants (like CIS force constants) to be too high, especially
if only very small active spaces are chosen. The authors of ref 21 therefore
had to use the usual scaling factor for Hartréeck force-constant
calculations of 0.9 to obtain results that can be compared to experimental
numbers.

(36) Tozer, D. JJ. Chem. Phys2003 119 12697 12699.

(37) Christiansen, O.; Koch, H.; Jgrgensen,0hem. Phys. Lettl995 243
409-418.

(38) Hatig, C.J. Chem. Phys2003 118 7751-7761.

(39) Kohn, A.; Hatig, C. J. Chem. Phys2003 119, 5021-5036.

(40) Hatig, C.; Weigend, FJ. Chem. Phys200Q 113 5154-5162.

(41) Ahlrichs, R.; Ba, M.; Horn, H.; Kdmel, C.Chem. Phys. Letfl989 162,

165-169.

(42) Whitten, J. L.J. Chem. Phys1973 58, 4496-4501.

)

(43) Dunlap, B. I.; Conolly, J. W. D.; Sabin, J. R. Chem. Phys1979 71,
3396-3402.
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Table 1. Structures, Dipole Moments, and Energy Separations Calculated for the States Considered in This Work in Comparison to
Available Experimental Data

ground state LE state ICT state
CC2/TZVPP expmt CC2/TZVPP expmt CC2/TZVPP CC2/TZVPP expmt
Structuré (Bond Lengths in pm, Angles in deg)
point group Cs 2 Ca Cs
NMe 145.0 143.9/145% 145.2 145.2 144.5/145.5
dN(Ca) 137.7 136.5 138.8 142.0 1443
d(CsCy) 141.4 140.0 141.6 143.0 144.6
d(CoCs) 138.7 137.0 143.6 137.3 137.2
d(CiCy) 140.2 138.8 141.3 143.8 142.9
d(CC) 142.7 142.7 142.6 140.5 140.9
d(CN) 118.2 114.5 118.3 119.2 118.9
w® 23 11.9 0 0 0
7 0 0 19 26 90 90
¢f <1 0 0 41
Dipole moment (Debye)
u 7.4 6.6 10.1 9.7 15.1 13.3 16.1
Energy Separations (eV)
AE 3.78 3.76 3.27 2.49 2.8/3.0/3%2
T 4.14 4.16 4.06
vod™ 3.96 3.998 3.96 3.91

aFor numbering of the atoms, see Figure® X-ray data from ref 51. The two methyl groups were not considered equival&ktagging angle” of the
dimethyl-amino group, defined as angle of a straight line given by the B¢@d with respect to a plane given by N and the carbon atoms of the methyl
groups.d “Twist angle” of the dimethyl-amino group, defined as the average of the dihedral angl&kC@C; and G’ NC4C3'. € From a model potential
fitted to describe the low-lying vibrational progressions in the gas-phase spectrum (r&f@aj-of-plane angle” of the dimethyl-amino group, defined as
the angle of the éN bond with respect to a plane given by, Cs, and G'. 9 Derived from macroscopic quantities (dielectric constant, refractive index) in
dioxane at 25C (ref 10)." From time-resolved microwave conductivity measurements in 1,4-dioxane (réf\€}ical energy separation from the ground
state.) Maximum of of dispersed emission of jet-cooled DMABN (ref 54Maxima of ICT fluorescence bands in 1,4-dioxane/benzene/cyclohexane (ref
10). ' Adiabatic excitation energy (rel to the ground-state minimuhRosition of the 6-0 transition.” Laser-induced fluorescence (LIF) excitation spectrum
in the gas phase (ref 55).

All RI-CC2 calculations have been carried out using the TZVPP
basis séf4’ and the corresponding auxiliary basis sets for the RI 1 a /
approximatiort? All valence electrons were included in the correlation IN=C NI
treatment, only the 2scores of the carbon and nitrogen atoms were \

kept frozen. At the resu'lting equilibrium struc_tures, \_/ibration_al spectra Figure 1. Numbering of the ring atoms as used in the text. Symmetry-

were calculated numerically from the analytic gradients using central gquivalent atoms are referred to with a prime, e.ga@ G'. In the entire

differences in Cartesian coordinates with displacements@DIa,. text, the molecule is assumed to be oriented with its long axis along the

Isotope shifts of certain bands were identified from the overlap of the zaxis and phenyl-ring in thez plane.

corresponding normal mode vectors, and assignments of normal modes

to certain group vibrations were based on the vibrational potential note that only in the FranekCondon region (i.e., in the calculation of

energy distribution. We note that (as in comparable studies) the vertical excitation energies) a notable effect of diffuse basis functions

vibrational frequencies were derived from the harmonic force field and was found.

thus include neither anharmonicity corrections nor solvent effects. When

these frequencies are used to assign experimental spectra in the lateB. Results

sections, these additional error sources have to be kept in mind. For

differential properties such as isotope shifts, some error cancellation ~Calculated structures, dipole moments, and energy separations

and thus better comparability can be expected. for the ground electronic state and the two lowest lying singlet-
To test for possible multireference effects, CASSCF calculations excited electronic states of DMABN are summarized in Table

were carried out employing small S¥Fbasis sets. Above that, the 1 together with available experimental data. Detailed discus-

convergence of the coupled-cluster hierarchy was studied for selectedgiqng of the results are given in the subsequent sections. Figure

cases gmploying CC2, CCSD, CCSDR.(?’) (r)oniter_ative perturbative 1 displays the atom numbering used in the following.

correction for the effect of connected triples in excited stdteand ) S

the SVP basis. CASSCF and the latter coupled-cluster calculations were  3-1. Ground State. A. Structure.Both X-ray diffraction in

carried out with the DALTON program packagfe. the crystalline phaséand microwave spectroscopy in the gas
We also investigated the impact of additional diffuse functions in phas&? have established a slight pyramidalization of the amino

the basis set. Nearly no changes in energy, structure, and dipolegroup of DMABN. Wagging (or amino-inversion) anglesof

moments were found for the structures discussed in this paper. We

(50) Helgaker, T.; Jensen, H. J. A.; Jgrgensen, P.; Olsen, J.; Ruud, K.; Agren,

(44) Vahtras, O.; Almilg J. E.; Feyereisen, M. WChem. Phys. Lett1993
213 514.

(45) Hatig, C.; Kohn, A.J. Chem. Phys2002 117, 6939-6951.

(46) Schiger, A.; Huber, C.; Ahlrichs, RJ. Chem. Phys1994 100(8), 5829~

5835.

(47) Weigend, F.; Hser, M.; Patzelt, H.; Ahlrichs, RChem. Phys. Lettl998
294, 143-152.

(48) Schiger, A.; Horn, H.; Ahlrichs, RJ. Chem. Phys1992 97 (4), 2571+
2577.

(49) Christiansen, O.; Koch, H.; Jargensen). RChem. Physl996 105 1451~
1459.

H.; Auer, A. A.; Bak, K. L.; Bakken, V.; Christiansen, O.; Coriani, S.;
Dahle, P.; Dalskov, E. K.; Enevoldsen, T.; Fernandez, BttigleC.; Hald,

K.; Halkier, A.; Heiberg, H.; Hettema, H.; Jonsson, D.; Kirpekar, S.;
Kobayashi, R.; Koch, H.; Mikkelsen, K. V.; Norman, P.; Packer, M. J.;
Pedersen, T. B.; Ruden, T. A.; Sanchez, A.; Saue, T.; Sauer, S. P. A,
Schimmelpfennig, B.; Sylvester-Hvid, K. O.; Taylor, P. R.; Vahtras, O.
Dalton—an electronic structure progranrelease 1.2; 2001.

(51) Heine, A.; Herbst-Irmer, R.; Stalke, D.;"Knle, W.; Zachariasse, K. A.

Acta Crystallogr.1994 B50, 363-373.

(52) Kajimoto, O.; Yokoyama, H.; Ooshima, Y.; Endo, €hem. Phys. Lett.

1991, 179, 455-459.
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Table 2. Calculated (CC2/TZVPP) Harmonic Frequencies and Isotopic Shifts for Selected Modes of the Ground State of DMABN in
Comparison to Experimental Observations (for the Definition of the Isotopomers, See Text)

DMABN DMABN-N DMABN-ds DMABN-d,
mode Vea? lea? Vot lop Ave,® Avgf Ave Avgf Avet Avgy assignmentd
124 798 2) 7881785 0 o —-12 —11n —-16 1, 6a
154 963 (8) 944,944, 943 w —6 —6, —7" —120 —111" +5 +10 VSN-Me
16 d 1014 (0) 1005 1003 VW 0 0,1 0 0 —158 —111 12,19a
174 1152 (27) 11711166 m —4 0,0 —237 —133 +1 +3 PMe
184d 1194 9) 11801179, 1180 sh 0 0, —1n —149 41, —1(*) -1 oMe 1
194d 1201 (6) 0 -1 +1, —1h(*) +3 Oc-H
204d 1236 0) 1227, 1227 0 o 1 o —160 Oc—H, VPh-cN, 83, 12
14 d' 1277 (13) 1229 m —-17 —13 —-19 —20 —61 —75 V3N _Me
16 &' 1401 0) 1324, 1323 -5 —6" -5 —2h —-16 14, 19b
214d 1390 (63) 137’2 1377‘, 1370 S —-16 *13, *131 0 +3, Oh —-12 *Sj VPh-N, ’VSN—Me, 6C—H
224d 1483 (10) 1449 1446 0 —1,0 —322 —314 —-17 -18 Ome
254d 1555 (76) 15291527, 1522 S -5 —5,-5" -11 -7, =7" -8 —17 Oc-H, 19a,vph-n
214 1579 (2) 1548, 1545 -1 —1h -1 o —-13 8b
26 d 1645 (100) 16091608, 1600 Vs -1 0,0 -2 -3, 3" -12 —11 8a
27 d 2104 (12) 2219 2217 2213" 0 o 0 o 0 VeN

a Calculated harmonic frequency in cf® Calculated IR intensity in percent of most intense ba&r@bserved fundamental band in thnd Qualitative
IR intensity from refs 30 and 56.Calculated frequency shift in c. f Observed frequency shift in crh 9 Numbers refer to the Wilson modes (ref 57) of
the G scaffold, anddc— always denotes in-plane bending of the phenyl-hydrogeResonant Raman in methanol from ref 28lonresonant Raman in
solid phase from ref 29.IR in acetonitrile from refs 30 and 3%¥.184d and 19amay both contribute to the band of natural DMABN, whereas t8&s rise
to the band seen for DMABMN. ' IR in acetonitrile from ref 59™ IR in methanol from ref 59.

11.9 and around 15 respectively, have been reporttef (see
footnote of Table 1 for the definition of this internal coordinate).

replaced by its heavier isotope, DMAB#-in which the six
hydrogen atoms of the methyl groups are replaced by deuterium,

Theoretical studies have come to similar results, but it turned and DMABN-d, in which two hydrogen atoms attached tg C

out that basis sets of triple-quality were necessary to obtain

satisfactory results for the pyramidalization anHle.

The CC2/TZVPP calculations yield a wagging angle of.23

and G' are substituted by deuterium.

Table 2 summarizes the calculated results from the present

work together with experimental data. The calculated frequen-

The inversion barrier between the two equivalent minima cies can very consistently be assigned to the observed bands

amounts to only 0.009 eV (71 cr¥, which is about double

(within the limitations indicated in section 2). The assignments

the (harmonic) zero-point energy of the associated normal modegre supported by the calculated isotopic shifts and the IR
of the distorted molecule. At finite temperatures, this barrier intensities which both are in very good agreement with

can thus be easily overcome. Above that, the calculated dipoleexperimental observations. The interpretation in terms of more
moment of theC,, structure is slightly increased to 7.7 D (as oy |ess localized group vibrations is hampered by the often

compared to 7.4 D for th€s structure), which might decrease

strongly mixed character of the normal modes. The assignments

the barrier height in solution phase due to solvation effects, i the last column of Table 2 should thus not be taken too
possibly leading to a planar minimum structure. These dipole jiierally as they often indicate only the most important of the
moments are in reasonable agreement with an experimentaloontributing coordinates. It has therefore been criticized in the

estimate derived from measurements on solutions of DMABN
in dioxane!® The phenyl moiety shows a quinoidal distortion
along the long molecular axis (i.e., short-@C3 and G'—C3'
bonds). In addition, the bond towards the dimethyl-amino group
is shorter than expected for a pure-8 single bond, indicating

a stabilizing interaction between the nitrogen lone pair and the

m-system.

As compared to the structure parameters derived from X-ray
diffractior?! the calculated bond lengths are typically 1 pm larger
which is within the experimental error bars. The theoretical
prediction for the cyano group bond, however, is clearly too
large by 3.7 pm. This is a shortcoming of CC2 which is known
to give too weak triple bond®:3° But it was shown in ref 39
for the example of HCN that differential properties such as
adiabatic excitation energies and changes in the bond length o>

literaturé! that, barely on the observations of certain shifts of
vibrational frequencies upon excitation, no necessary conclu-
sions can be drawn on the decrease or increase of certain bond
strengths. We will show, however, that the critical modes
discussed, e.g., in ref 29 show shifts which, fortuitously or not,
indeed reflect the change in the underlying force constants.

We will in particular discuss the bending and stretching modes
of the G scaffold (designated according to Wilson’s nota-
tion®7:59) that reflect the electronic structure of thesystem, as
well as the stretching mode of the bond connecting the cyano
group and the phenyl ring (called PIEN bond hereafter), the
stretching mode of the bond between the phenyl ring and the

Saigusa, H.; Miyakoshi, N.; Mukai, C.; Fukagawa, T.; Kohtani, S.;
Nakagaki, R.; Gordon, Rl. Chem. Phys2003 119, 5414-5422.

in the harmonic vibrational frequency are still reproduced very (54) Lommantzsch, U.; Gerlach, A.; Lahmann, C.; Brutschy] B2hys. Chem.

well.

B. Vibrational Spectrum. Experimentally, vibrational fre-
quencies of DMABN have been studied by both Raffamd
infrarec® (IR) techniques in solution phase. Apart from natural (58
DMABN, further isotopomers were measured in these studies,
of which three are considered in this work: DMABRN in
which the nitrogen of the dimethyl-amino group has been

7402 J. AM. CHEM. SOC. = VOL. 126, NO. 23, 2004

A 1998 102, 6421-6435.

(55) Peez Salgado, F.; Herbich, J.; Kunst, A. G. M.; Rettschnick, R. PJ.H.

)
)
)
) Phys. Chem. A999 103 3184-3192.
)
)

(56) Okamoto, HJ. Phys. Chem. £00Q 104, 4182-4187.

(57) Wilson, Jr., E. BPhys. Re. 1934 45, 706-714.

These are the six stretching (1, 8a/b, 14, and 19a/b) and three in-plane
bending (6a/b, and 12) modes of thg$taffold. We note that 19a/b tends

to mix strongly with 18a/b (hydrogen in-plane bending). Actually, in natural
benzene, 19a/b is predominantly a hydrogen in-plane bending mode,

whereas, for €Dg, it is dominated by the stretching mode. In the present

work, 19a/b is understood to be the stretching mode.
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Table 3. Calculated Force Constants (in N m~1) for Selected
Bonds in DMABN (for Numbering of the Atoms, See Figure 1)

bond ground state LE state ICT state?
Cs—Cs 363 321 277 (286)
Co—C3 384 292 410 (411)
Ci—C, 342 312 305 (282)
C=N 785 774 740 (727)
Ph—CN 313 301 331 (338)
Ph—N 374 321 221 (262)
N—Cwe 286 269 259 (240)

aValues forC,, structure are given in parentheses.

15.0
dimethyl-amino group (PhAN bond), and the cyano group

stretching mode. The latter three are expected to be most 14.0
sensitive to changes in the electronic system due to the ICT 13.0

process, and special focus was put on them in several experi- 95
mental studied? 33 120 X 1
The ring modes of ground state DMABN appear at the 11.0 ¢ o _
frequencies expected for benzene derivatives. The ring breathing 10,0 ke s |
mode and the 19a mode show up at somewhat low frequencies : . s : : s \ '
as they strongly mix with bending modes, 6a and 12. The band 0 10 20 30 40 50 60 70 80 90
at 1555 crt, experimentally observed around 1525¢phas torsion angle (degrees)
in the literature partly been interpref@dis the 19a carben Figure 2. Calculated potential energy (eV) and dipole moment (Debye)

. . S of the two lowest singlet-excited states of DMABN as a function of the
carbon stretching mode. At variance, our analysis indicates atorsion angler along theC, symmetric path. The energy is quoted relative

predominant in-plane bend of the phenyl hydrogens with o ground state minimum.

considerable admixture of 19a, consistent with the ordering of

these modes in natural benzene (see also ref 58). was considered the most important degree of freedom (see, e.g.,
A more clear-cut picture arises from the force constants for refs 12, 1417, 19-23, 25, 26). Geometry optimizations were

the three symmetry-unique-€C bonds that can be found in  carried out, where, except for a fixed twisting angle and

Table 3. Their size is comparable with the-C force constant  imposingC, symmetryé2 the structure of the excited states was

found in benzene (361 Nm with CC2/TZ2P% best experi-  completely relaxed. The two lowest states now transform

mental estimaf@ 350 Nn7%). The slightly quinoid character  according to the A and the B representation of @epoint

of the ground stater-system is apparent from the force group. The resulting potential energy curves and the dependence

constants, as the,€Cs bond is the strongest of these. of the dipole moments on are given in Figure 2.

At 1236 cnmt (expmt 1227 cm?) a band appears that can  We find the B state to possess a shallow double minimum at
be assigned to the PICN stretching mode, whereas the-F¥ +19° with a small barrier of less than 0.05 eV. At small angles,
stretching mode is found at 1390 ch{expmt 1370 cm?). Both the dipole moment does nearly not depend on the torsion

vibrations, in particular the first one, couple strongly with in- coordinate. It is, however, pronouncedly higher than in the
plane modes of the phenyl hydrogen atoms, as can be seen fronground state (10 D vs 7 D) and increases significantlyr as
isotopic shifts observed for DMABN (see Table 2). The force  approaches 90 The A state, on the other hand, shows a
constant of 374 Nmt in Table 3 suggests a partial double bond pronounced lowering of its energy far approaching 99

character of the PAN bond, if the value of 286 Nt for the accompanied by a marked increase in its dipole moment. The
N—Cye group bond is taken as reference for a typicatlC A and B states cross at around°5@here it should be noted
single bond. that both curves are minimum paths such that the crossing point

The cyano group stretching mode is located at 2104'cm i Figure 2 does not directly correspond to the actual intersec-
(expmt 2219 cmt). This somewhat too low lying theoretical  tion. This state intersection has been observed in a number of
prediction goes along with the too long triple bond calculated previous theoretical studi@gl4-17.19.20.22.23.25,28|though, among
for that group (see structure section above) and is not unexpectedhe studies including dynamic correlation effects, the present
for CC23839The cyano vibration is well separated from other \work and the TDDFT study of Rappoport and Furéheere
modes, however, such that this underestimation has nearly nothe first to obtain both energy and minimum geometry at the
effect on the other vibrational modes for which the CC2 model same level of theory, thus reducing the arbitrariness in the choice
is expected to perform much better. of methods to a minimum.

3.2. General Features of the Excited State Hypersurfaces. Certainly, as most experiments on dual fluorescence are
We started with an investigation of the minimum energy path carried out in solution, the question arises how solvent effects
of the lowest excited states of DMABN along the twist ajter the potentials shown in Figure 2. From the group of
Coordinate'[, which in nearly all preceding theoretical studies Tomasi?Z,ZS results from the po|arizab|e continuum model
(PCM) are reported, while Sudholt et'dlemployed molecular

(59) Kwok, W. M.; George, M. W.; Grills, D. C.; Ma, C.; Matousek, P.; Parker,

A. W.; Phillips, D.; Toner, W. T.; Towrie, MAngew. Chem., Int. E€003 dynamics simulations. In both cases, the ICT state (the A state
42, 1826-1830. i i i i i i

(60) Christiansen, O.: Stanton, J. F.; Gauss, Them. Phy<1997 108 3987 in Figure 2) is predicted to shift down all along the twist path,
4001.

(61) Goodman, L.; Ozkabak, A. G.; Thakur, S. N.Phys. Chem1991, 95, (62) This was done for simplicity. In sections 3.3 and 3.4, we will investigate
9044-9058. whether further symmetry lowering occurs.
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as it is expected from its higher dipole moméhtSo far,
however, not much experience exists with the accuracy of such
solvation models, and certainly further work in this direction is
desirable.

As a first conclusion, our results summarized in Figure 2
support the TICT hypothesis in the sense that only along this
coordinate a significant change in the energetics of the two
lowest singlet excited states can be observed. Awhere a
PICT-like state would be expected, no indication for a (at least
local) minimum is found. Though the phenyl moiety is quinoid
at all twist angles, we do not observe a significant shortening
of the G—N bond which eventually leads to the structure
proposed by the PICT model. On the contrary, the bond length
increases from 142.0 pm & 90°) to 143.1 pm { = 0°) and
is significantly larger than in the ground state (137.7 pm). We
will give further comments on that issue in section 4. Before,
h‘.""(e"ef’ we wil dISCl.JSS the structures of the two excited-state Figure 3. Difference density (LE state density minus ground state density)
minima in some detail. at the LE state minimum structure. A dark shaded isosurface surrounds

3.3. Locally Excited State. A. Structure. The minimum areas of decreasing electron density; a light shaded isosurface is plotted at
structure (see Table 1) h@s symmetry, as confirmed by force- ~ areas of increasing eletitgon density. All difference density plots use the
constant calculations discussed in the subsequent paragraph. The™® isovalue of-0.022™
carbon-carbon bonds of the phenyl moiety are pronouncedly
longer than those in the ground state, and therg is distorted
in an anti-quinoid fashion (i.e., it exhibits long-€Cs bonds).
The bond toward the dimethyl-amino group is only slightly
longer than that in the ground state, and the group itself (showing I

more sensitive.

a planar conformation at the nitrogen atom is twisted by 19 In accordance with experimental data, the LE state possesses

along the torsion coordinate Our findings cast considerable . .
doubt on the accuracy of TDDFT for this state which predicts gdlpole moment of about 10 D which is somewhat larger than

a nearly flat line for the minimum energy path, with a local n the ground sta’Fe. The difference-density map in Figure 3
minimum at 32.8 and a global minimum at 9@ The shallow illustrates the pz_:lrtl_a_l charge-transfer character of th_e LE state.
potential, suggesting a nearly free rotation of the dimethyl-amino Itshows th_at asignificant _amount of el_ec_;tron density IS removed
group is also in conflict with recent gas-phase spectra of this from the nitrogen lone pair thus explaining the planarity of that

stat&3 which are discussed below. As our results for the dipole group. The excess electron density is partly delocalized in the

moment suggest (see Figure 2), the LE gains increasing IcT” system of the phenyl gro_up_(malnly_ on atoms z_ﬁ]d @),

. . . . and also the electron density in the dimethyl-aminsystem
character for larger torsion anglesvhich explains the obvious .~ .
failure of TDDET is increased. The cyano group, on the other hand, is not

. . . . significantly involved in this transition.
From experimental studies only few estimates exist concern- - o . .
. - ) The estimated ©0 transition (using the harmonic CC2 force
ing the structure. They mainly focus on the torsion angle for

which values betweerf@nd 30 have been put forwar535564 fields for ground and excited state) amounts to 3.96 eV which

. . S . . Ois, considering the usual accuracy of the employed method,
whereas in most studies the amino inversion angle is assume

. L somewhat unexpectedly close to the experimental number of
to be O (as suggested in ref 52). In a recent study, the vibrational 3,55 P y clo P .
. . . . 3.998 e\35 (see also section 3.5). The calculated vertical
progressions of the LE> S transition were carefully investi-

gated and fitted to a model double minimum potential of the g_mlssmnd energy 1 3'78 ev. Tfh_|s corr:pgres ngl Vr:/'ltT—] the
forms3 ispersed emission maximum of jet-cooled DMABNvhic

amounts to 3.76 eV. We note that, despite the mentioned
problems with the torsion barrier, the TDDFT calculations also
result in a value of 3.76 eV for the LE emissiéh.
) ) o o B. Vibrational Spectrum. The vibrations of the ring scaffold
for the torsional motion, resulting in a minimumat= +26°. reflect the anti-quinoid character of the state. In particular, the
We note that the shape of the LE potential in Figure 2 (state B) kekule mode 14 becomes the energetically highest-lying ring-
turns out to be too complicated to be fitted properly with the stretching mode in our calculations, lying now at 1536 &m
above model potential. To reproduce both the barrier height (at\yhereas 8a and 8b shift down considerably. This interpretation
7 = 0) and the correct position of the minimum, very high g synnorted by the force-constants in Table 3. We find on the
oscillating terms are needed (while, e.g., the ICT state potential average weaker bonds than in the ground state, and the quinoid
(63) Gorse and Pesquer (ref 11) also tried to model solvation effects based oncz_CS bond is .Clearly the weakest O.f the .thre.e' .
semiempirical AM1 calculations. Their in vacuo results, however, yielding In the experimental spectra, the identification of the ring
potential energy curves that for both LE and ICT increase strongly as the modes is difficult, since the LE state has a short lifetime in

dimethyl-amino group is twisted, are in conflict with more elaborate ab K . .
initio results such as the present work and put serious doubts on the Solution and experimental spectra still have a rather low

from Figure 2 is already very well fitted by a single cosine
function). The two-parameter potential for the LE state therefore
tends to give too large values fagif a proper barrier height is

to be reproduced, on which the vibrational levels are presumably

V(1) — V= V,/2(1 — cos Z) + V,/2(1 — cos &)

applicability of the AM1 method. ; ;
(64) Grassian, V. H.; Warren, J. A.; Bernstein, E.JRChem. Phys1988 90, resolution. The experimental Raman spetifafeature four
3994-3999. bands at around 980 crh 1050-1200 cn1?, 1300-1500 cn1?,
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Table 4. Calculated (CC2/TZVPP) Harmonic Frequencies and Isotopic Shifts for Selected Modes of the LE State of DMABN in Comparison
to Experimental Observations (for the Definition of the Isotopomers, See Text)

DMABN DMABN-*N DMABN-ds DMABN-d,
mode Vea? V! Ave,© Avgy? Ave© Avgy? Ave,© Avgy? assignment
9a 788 0 -14 —22 1, 6a
10a 940 -5 —104 +8 VSN-Me, 1
1la 996 978 0 -1 —158 12,19a
15b 1014 0 -1 —151 19b,0¢c-H
14 a 1156 111131117 0 -3 —11f —-319 Oc-H, 82
15a 1181 11681174 0 -3 —2f -8 Vph-cN, 12,0c-H
18b 1184 -5 -6 +3 8b
20b 1325 132%%) -3 3 —40(X) —186 Oc-H
16 a 1353 13571334 —-18 —20 -6 -7 VPh-N, PMe
21b 1377 1399* -3 —1h -2 —-11 —1h Oc—H
17 a 1421 141614231415 0 (0} —316 +13 +1h Ome
18 a 1455 14671460(7) 0 ) —13(?) —22 Oc-H
23b 1482 1481% 0 o —415 0 — Ome
19a 1485 14671460(7) 0 2 —13(?) -2 8a,0c-H
25b 1536 0 ) -3 14
22 a 2073 2176218k 0 0 +2f 0 VeN

aCalculated harmonic frequency in ci® Observed fundamental band in th® Calculated frequency shift in crh. 9 Observed frequency shift in
cmL. e Time-resolved resonance Raman in cyclohexane with 615 mn probe (from réfTa2k-resolved resonance Raman in cyclohexane with 600 nm
probe (from ref 33)9 Very weak featureh Time-resolved infrared spectroscopy in cyclohexane (from ref 31). A star indicates experimental evidence for a
nontotally symmetric character of the vibrational mod@ather broad feature, may include contributions from several bands up to Baimd vanishes on
substitution (ref 31).

and 2180 cm?. The two broad bands are not very well resolved and the PkN stretching mode at 1353 crh The calculated
into single contributions, and the subbands identified by the isotopic shifts are not compatible with the experimental ones
authors of refs 32 and 33 (as used in Table 4) carry relatively (see Table 4) which, however, contain large uncertainties (in
large uncertainties. particular the lower one of the bands is only a “weak feature of
The band maximum at 973 cthmay be tentatively assigned  uncertain assignmer#) and therefore neither validate nor
to the mixed 12/19a mode. No isotope information is available invalidate our assignment. The relative shift of the-lRhmode,
for this band, thus the assignment is based on the theoreticalas compared to the ground state, is calculated-3% cnt?,
prediction that both the 12/19a mode and the nearby lying while, from the above experimental band maxima of either 1334
symmetric stretching mode of the two nitrogen-methyl bonds cm~! or 1357 cn1?, we can estimate a shift betweer24 and
are shifted to lower frequency after electronic excitation (by —47 cntl. This supports the hypothesis that at least parts of
—18 cnt! and —23 cntl, respectively); these modes are the observed broad band are due to this normal mode.
observed at 1005 cm and 944 cm?! in the ground state The red-shifts of both bands, attributed to the-RIN and
experiment; therefore only the above assignment seems conthe Ph-N bond stretching, indicate a weakening of these bonds,
sistent with the calculations. The ring modes 8a and 14 may and also the force constants in Table 3 support this interpretation.
contribute to the broad band group at 13A%00 cnt?, but no Note, however, that no simple relation between the lowering
certain assignment can be made. of the force constants and the frequency shifts can be found,
The Ph-CN stretching mode is calculated at 1181 épand indicating that changes in the coupling with other modes have,
as in the ground state, it includes coupling with in-plane too, a strong influence on the observed shifts.
vibrations of the phenyl hydrogen atoms. Relative to the ground  The experimentally observed band around 2180 coan
state, it is shifted down by-55 cn. The band found at 1168  pe unequivocally attributed to the cyano stretching mode, which
and 1174 cm'® in time-resolved resonance Raman experi- at the CC2 level is again underestimated (2073 %)nThe shift
ment§?33 may be assigned to this normal mode. With some of —31 cnT? upon excitation, however, is in good agreement
caution, because of the different solvents in the ground and in with the experimental number lying betweer3 cnt! and

the excited state measuremetttsie may derive a red-shift of  —38 cnr? (with some caution due to different solvents as

about—53 to —59 cn1! relative to the ground state, in close mentioned above).

agreement to the calculated value. From the experimental gas-phase spectra, further modes in
The Ph-N stretching mode is expected in the lower part of the |ow-frequency region can be identified. However, as

the band group at 13661500 cnt™. In their first publication?? overtones and combination bands are present (cf. the assign-

Kwok et al. quoted a band maximum at 1334 ¢ywhile, in ments given in ref 53), an interpretation would require a careful

the more recent worf two bands, a weak one at 1325t gjmulation of the vibronic spectrum, which is beyond the scope
and stronger one at 1357 cfwere reported. The band system  f the present work. We only note that Saigusa &% assigned
undergoes significant changes upens substitutior’® but it the progression at 75.5 crhto a torsional mode. The band is
is actually difficult to obtain reliable estimates of isotopic shifts reported to shift down by-9.6 cnm uponds substitution. This

According to our calculations, there are two bands in this region, of 86 cnt for this mode and a red-shift 6£9 cm ! uponds

an antisymmetric in-plane hydrogen bending mode at 1328 cm  gypstitution.

(65) It may be added that for the Raman experiments the calibration error in 3.4. Intramolecular Char_gg-Transfer State. A. Structure.
the absolute frequencies is5 cnit (refs 29, 32) to+10 cnt? (ref 33). In contrast to the LE minimum on th€, path, the ICT
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minimum, actually possessing,, symmetry at 90, turns out 4.7 rea . I Aaa
to be a saddle point in our calculations. The symmetry-breaking 46 _
coordinate is a pyramidalization of the carbon atom adjacent to ' \\M
the dimethyl-amino group (atomyCsee Figure 1). Additionally, 45 :
we find that the methyl group which is syn to the phenyl moiety
rotates such that one hydrogen points toward the middle of the
ring. The latter, however, is only a minor detail as the energetic 4.3 1
effect of the rotation is very small. i
In the low-symmetry structure, the bond between the ring
and the dimethyl-amino group is elongated by 2 pm as compared 4.1 — e
to theC,, structure. In both structures, the phenyl moiety has a T ' T T

4.4 -

E (eV)

4.2 Lo s |

marked quinoidal character with two very short double bonds 150
between the carbon atoms;@nd G (and G and G, 14.0 | 1
respectively), whereas thg-€C, and G—C, bonds have lengths . 130 - |
close to single bonds (see Table 1). Including zero-point 91» 120

vibrational effects, the stabilization energy of tGestructure,
however, is barely 0.05 eV which may in solution phase be 11.0 + .
overcome by stabilization effects due to the pronouncedly higher

dipole moment of theC,, structure (see Table 1). 100 A R S St
In contrast to that, the energetic effect of the distortion on 0 5 10 15 20 25 30 35 40 45 50
the ground-state energy is considerable, and whereas we out-of-plane angle (degrees)
calculate a vertical emission energy of 3.3 eV for BOg- Figure 4. Calculated potential energy (eV) and dipole moment (Debye)

symmetric structure, barely 2.5 eV are found for the low- of the two lowest singlet-excited states _of DMABN as a func_tion of the
.., out-of-plane angle atz = 0 (Cs symmetric path). The energy is quoted

symmetry structure. The latter value does not compare well with o jative to the ground state minimum.

experimental estimates, which suggest values above 3 eV for

nonpolar solvents. On the other hand, we have to keep in mind© the LE state, Figure 3. Figure 5a shows that the electron
that we calculated a very shallow double minimum potential density is shifted from the nitrogen lone pair to the phenyl group,

for the ICT state associated with a harmonic vibrational Where itis mainly localized on £C, and the nitrogen atom of

frequency of 52 cmt at each of the minima. These modes are € Cyano group play only a minor role as acceptors; i.e., the
readily populated at finite temperatures, and emission may alsoSYSte€M tries to minimize the charge separation. Finally, Figure
take place from vibronically excited statéssuggesting that 5b illustrates the driving force of the out-of-plane distortion, a

the form function of the emission may be more complex and carbanion-like localization of the excess charge in a lone pair

that its maximum cannot be easily derived from vertical energy °f C4 We have found this effect in comparable ICT states of
separations. related molecules too, as in aniline and 4-amino-benzonitrile

The carbanion-like distortion is found for all valueswfor (ABN). The stabilization energy due to the distortion decreases
the C;-symmetric A state in Figure 2, thus stabilizing the state " the sequence aniline, ABN, DMABN underlining the
on the average by 0.05 to 0.1 eV. It is interesting to note that MPortance of both electronic (through the cyano group) and
there is an interesting implication far= 0: As can be seen  SteriC (through the methyl groups) effects. It may be argued
from Figure 4, the distortion leads to another possible intersec- that CC2 is not be capable of correctly describing the electronic
tion of A and B at an out-of-plane angle around goote that ~ ffect of the cyano group as it predicts an obviously too long
as in Figure 2 also in Figure 4 no vertical energy separations bond. We will therefore in section 3.5 substantiate the predic-

are shown). Thus this motion constitutes another possible decay"°"S of CC2 with results from more elaborate methods.
path after initial vertical excitation into the A state which may

In contrast to our result, Rappoport and Furche obtdi,a
be of importance for quantitative simulations of the observations SYmmetric TICT state in their TDDFT stud§. This is not
in recent femtosecond experimefts$8

unexpected and can be understood as a direct consequence of
As for the minimum structure at= 90°, the dipole moment

the employed density functional’s tendency to give too low
of the ICT state decreases along the out-of-plane coordinateenergies for charge-transfer states, as already mentioned in the
and some care is appropriate with respect to the structure o

flntroduction. It can be seen from the dipole moments in Table
; : : : : hat theC,, symmetric structure has indeed a stronger charge-
this state in solution phase. We conjecture that solvent interac-1 ¢ 20 SY!
tions may stabilize th€; high-symmetry path but that still a

transfer character than that of tklg symmetric one.
large amplitude motion along the out-of-plane mode will be B. Vibrational Spectrum. As discussed above, we expect
possible.

that in solution phase the ICT state has a more or &ss
In Figure 5, the difference density of the ICT state relative symmetric structure. As intense ICT emission is only observable
to the ground state is depicted. It illustrates the apparently muchin solution, experimental data for vibrational modes is available

stronger charge-transfer character of this transition, as compare or th_ese experlme_ntal cpndmons °'.“y- A comparison with
vibrational frequencies derived theoretically for tbg structure

(66) That vibronically excited states are involved in the ICT emission process S€eéms thus to be more adequate. In Table 5, results for both

has already been discussed in connection with the temperature dependenc i i i ici
of the 1GT pand: see ref 4 and references therein. %tructures are listed, but we will for simplicity only quote the

(67) Fi8, W.; Pushpa, K. K.; Rettig, W.; Schmid, W. E.; Trushin, S. A.  Vibrational frequencies from th&,, structure in the subsequent

Photochem. Photobiol. S&2002 1, 255-262. B B
(68) Trushin, S. A.; Yatsuhashi, T.. Bi\.. Schmid, W. EChem. Phys. L. discussion. Only for the modesay, 9 by and 11b, somewhat
2003 376, 282-291. larger differences between the frequencies calculated for the
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at 1326 cntt, another linear combination of 19b and 14, may
correspond to the nontotally symmetric part of the band at 1276
cm~! reported in ref 30. Above that, ring stretching modes
contribute significantly to other normal modes. In particular the
18a-like hydrogen in-plane bending mode calculated at 1430
cm! has contributions from 19a and may be assigned to the
band found at 1425 cm in time-resolved IR spect®:3! This
band is not observed in the Raman experiméhtather a band

at 1358 cm! is reported which we may ascribe to another
hydrogen in-plane bending mode (see Table 5).

The normal mode calculated at 1219 ¢nmvolves predomi-
nantly a stretch of the phenyl-cyano bond; the experimental
fundamental lies at 1220 crh Both calculation and experiment
agree that, as compared to the ground state, this band is only
slightly shifted towards lower frequencies byl7 cnt! and

( a) —7 cm!, respectively. The force constant associated with that
bond even rises (see Table 3). In contrast to that, the vibration
calculated at 1290 cnt which is mainly a phenyl-nitrogen
stretch, is predicted to shift down byL00 cnT. Experimentally
this band is found at 1276 cri corresponding to a downshift
of —96 cnTl. The force constant of the PN bond has now a
value that indeed corresponds to a single bond. Likewise, the
stretching mode of the cyano group is strongly red-shifted. CC2
predicts this band at 2030 crhresulting in a shift of-74 cnr?
compared to the ground state. Experimentally, a shift 09
cm is found in aprotic solvents such as acetoniffileshile a
larger shift is observed in protic solvents, e.g124 cm in
methanok®%° Recently, Kwok et a}? put forward evidence
indicating that this stronger shift is due to hydrogen bonding.

3.5. Reliability of the Calculations: Comparison to High-
Level Coupled-Cluster Calculations.Before discussing the
implications of the presented results, we shortly address the
reliability of the method employed. First of all, we have
implemented some diagnostic criteria (for details, see refs 38
and 39) which allow (at low computational expense) monitoring

(b) the potential multireference character of the ground state and
the amount of double excitation contributions to the excitation.

Figure 5. Difference density (ICT state density minus ground-state density) These criteria indicate that at all ground and excited state

(a) at theCy, symmetric minimum structure and (b) at tlg symmetric . L -

minimum structure. See also Figure 3 for explanations. geometries the ground state wave function is sufficiently well

described by a single referen®The excited states, however,
have a seizable double excitation contribution. Therefore some

C,, and theC; structure occur. It is not possible, however, to . .
v ; ) ' * 7 tests with higher-level coupled-cluster methods appeared neces-
decide, based on these differences, which of both structures is, 9 P PP

: sary.
closer to the experimental one.

. ) . ... We focus on three issues: (a) The pyramidalization of the
The predicted ring stretching modes reveal a stronger quinoid ICT state, (b) the relative energy of the LE and the ICT state
character of the ring bonds than in the ground state. This is ' 9y '

also obvious from the €C force constants in Table 3 which and_ (c) the a_diabatic_excitation energy for the LE state._ we
indicate a very strong central carbecarbon bond. This gives carried out single-point CCSD and CCSDR(3) calculations
fise to two modes. 8a and a mixture of 14 anoi 190, at 1617 (using the CC2/TZVPP structures) as well as CASSCF calcula-
cm-1and 1533 cmlywhich have nearly exclusive,SC dc;uble tions (including geometry optimizations at that level) using a

. S smaller basis set (as described in section 2).
bond stretching character. Only thg symmetric linear com- Th gif bet tric TICT
bination of the two double bond stretches, 8a, is clearly € eneggy merences between Cazl,.-symmelrls
observable in the Raman spectréthiut the resolution of the structure (1 A.2 state) and the pyramidalizegs (l. A ;tate)
spectrum is not high enough to exclude the presence of astructure obtained at these levels of theory are listed in the last
presumably weaker band corresponding to bhesymmetric °°'”T“” of Table 6. The CCSD and CCS_DR(3) _calculat|ons
mode. Further ring stretching modes that can be assigned toconflrm the CC2 results, where CC2 fortuitously lies closer at
experimental bands are as follows: the ring breathing mode 1the triples-corrected CCSDR(3) result than CCSD doe§. As
at 746 cn, experimentally observed at 756 cand again coupled-cluster methods, in the case of a larger double-excitation

with contributions from 6a bending, and 12 bending mixed with contribution to an excited state, may be biased towards the
19a StretChmg at 949 crh which is eXpe”mema"y found at (69) Inref 26, it was noted, however, that, for twisted geometries, the Hartree
984 cnt! (ref 29) and 959 cm! (ref 30). The band calculated Fock solution becomes triplet-unstable.
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Table 5. Calculated (CC2/TZVPP) Harmonic Frequencies and Isotopic Shifts for Selected Modes of the ICT State of DMABN in
Comparison to Experimental Observations (the Modes Are Designated According to the Point Group C,,; for the Definition of the

Isotopomers, See Text)

DMABN DMABN-N DMABN-ds DMABN-d,
mode Vea? Vob Ave,© Avg! Ave,© Avg! Ave,© Avg! assignment
4 746, 757 756 0 —1e —10 -9 —18 1,6a
S5a 887, 899 907 -7 —4e —100 —-106° +9 VSN—Me
6a 949, 965 984959 0 +3¢, +1f 0 +1¢, +0f —-131 —af 12,19a
Ta 1123, 1056 111% 0 —1e —108 —9% +13 PMey VPh-N
9, 1148, 1228 -3 -10 -5 8b
8a 1181, 1183 117 0 (0 -2 —4e —-160 Oc—H
9a 1219, 1224 122811220 0 e, O -5 il —-18 Vph-cn, 1, 12
10a 1290, 1274 12811276 —-17 —208, +4f —44 —32, 27 -1 +1f VPh-N, PMe
10y 1326, 1317 1276h 0 ~+4f +1 —2f -5 19b,0c-n, 14
11 1340, 1389 1358 0 —6° 0 (04 —86 Oc—H
12 & 1430, 1433 1425 0 +1f 0 +1f —54 —55 Oc—H
13a 1490, 1484 1502 -1 +2¢ —373 —ge 0 Ome
13 b 1533, 1545 0 0 -9 14,19b
14 a 1617, 1604 1580 0 —2¢ 0 +1e -9 8a
15a 2030, 2043 20952091,2104 0 (03 0 [0 -1 VeN

a Calculated harmonic frequency in cfa Results for theC,, (first value in column) and th€s structure (second value) are given (see téx@bserved
fundamental band in cni. ¢ Calculated frequency shift in crh. For better legibility, only those for th€,, structure are giverfl Observed frequency shift
in cm~%, e Time-resolved resonance Raman in methanol with 330 nm probe (from ref Pi@)e-resolved IR in acetonitrile (from refs 30 and 31). A star
indicates experimental evidence for a nontotally symmetric character of the vibrationalrBzatel vanishes on substitutiohAntisymmetric band overlapping
with 10 a. ' Time-resolved IR in methanol from ref 58Time-resolved IR in acetonitrile from ref 59.

Table 6. Comparison of the Predictions of Several Theoretical
Models for the Adiabatic Excitation Energy between Ground State
and LE State, Te(LE), the LE — ICT(C,,) Reaction Energy and the
Relaxation Energy of the ICT State upon Assuming the Distorted
Cs Structure

ATe ATe
T(LE)  [LE—ICT(Cy)] (ICT(Cz) — ICT(C)]
CC2/TZVPP 4142  +0.014 —0.081
CC2/svP 4.283 —0.070 —0.103
CCSD/SVP 4.497 +0.129 —0.081
CCSDR(3)/SVP  4.322 +0.160 —0.100,—0.094
CASSCF/SVP —0.027%, —0.03¥, —0.057

aUsing CC2/TZVPP structure8.Using CASSCF(12e/110)/SVP struc-
tures.© Active space (6e/50) Active space (10e/90¥.Active space (12e/
110).

ground state, we also carried out CASSCF calculations. We

We take the difference between the CC2/SVP and the
CCSDR(3)/SVP results to correct the CC2/TZVPP results for
higher-order effects. Including also the zero-point energy from
the CC2/TZVPP harmonic force fields, we obtain our best
estimate for the LE~ ICT(Cy) interconversion which is now
predicted to be endothermic by 0.17 eV (16 kJ mpl

The adiabatic excitation energy of the LE state again lies at
the CC2 level (somewhat fortuitously) closer to the CCSDR(3)
result than the CCSD result does. Our best estimatedpof
this state thus corrects the CC2/TZVPP value (cf. section 3.3)
only slightly towards higher energy resulting in 4.001 eV, which
even better compares with the experimental value of 3.998
eV 5355 Note, however, that the expected accuracy of the
extrapolated value should only be on the ordeet®.2 eV.

found for all tested active spaces that again the pyramidalized 4. Implications on the ICT Mechanism

form is energetically more favorabl@The stabilization energy
increases with the size of the active space.

According to our calculations, mainly three coordinates
contribute to the reaction path of the LE ICT reaction: (a)

The bond distances in the cyano group do not seem to be anthe twisting motion of the dimethyl-amino group, (b) the

issue, either, as CCSDR(3) calculations at the CC2 and thepyramidalization of the ring carbon atom to which the dimethyl-
CASSCF geometries (where the cyano-bond is significantly amino group is attached, and (c) the quinoidization modes (8a
shorter) have nearly identical results. To summarize, we canand 8b) of the ring moiety, as the molecule transforms from an

conclude that CC2 describes the ICT state correctly.

At the CC2/TZVPP level, the energy difference between the
LE state and theC,, symmetric ICT state is predicted to be
very small, the ICT state lying higher in energy by 0.014 eV.
Including the energy lowering of this state through pyramidal-
ization, however, this results in an ICT state which is by 0.08
eV lower than the LE state; i.e., an exotherm-tET(Cy)
reaction is predicted. This picture changes if we include
the full double-excitations (CCSD) and triples corrections

anti-quinoid LE state into a quinoid ICT stateWe may be
tempted to conjecture that coordinate a and a proper linear
combination of coordinates b and ¢ make up the branching space
of the conical intersection between the LE and the ICT state.
However, a more thorough analysis of the PES near the conical
intersection is demandable for definitive conclusions.

For the gas-phase reaction, CC2 predicts the LE and ICT
states to have about the same energy, and a barrier on the order
of 0.1 eV may be estimated from the available calculated data.

(CCSDR(3)) (see Table 6). There is also a notable basis setComparison with higher-order coupled-cluster expansions (sec-

effect as can be seen from the CC2 results for SVP and TZVPP.

(70) This is in contradiction to what was reported in ref 21. The authors claim
to have located &,,-symmetric minimum for the TICT state. From the
absolute energy given in the supplement to their article, we conclude that
state-averaging was used which may explain the different result. State-
averaging, however, is problematic for the ICT state, since the active space
is too small to account for the large relaxation effects upon transition from
the ground state to the ICT state.
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(71) Zilberg and Haas (ref 24) also discuss quinoid and anti-quinoid minima
and the significance of the quinoidization modes on the excited-state surface
of p-pyrrolobenzonitrile. Based on their CASSCF calculations, they suggest
that a quinoid ring structure is connected with a PICT-like minimum whilst
the TICT-like minimum has a anti-quinoid ring structure. We have to note,
however, that the claimed TICT minimum is an Atate in that study,
whereas an Astate would be expected to be the direct counterpart of the
TICT state in DMABN.
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mechanism must be responsible for the observed highly polar
state. Our calculations on DMABN, however, indicate that in
the excited state the phenyl-ring is more flexible than in the

IN=C NI ground state. In particular, the aromatic carbon-atom adjacent
\ to the nitrogen-atom turns into a more or les$ kpbridized
tBu center (see Figure 5b) allowing for a conformation of the

aliphatic six-ring of NTC6 in which a nearly planarized amino

Figure 6. Structural formula of Iert-butyl-6-cyano-1,2,3,4-tetrahydro- - - . o5 .
quinoline (NTC6). group may readily be twisted, relative to the benzonitrile moiety.

. o . The conclusion is that the data presented in ref 13 do not
tion 3.5), however, indicates that the LE ICT reaction may  pecessarily exclude a TICT mechanism. Computational efforts
be endothermic by up to 0.17 eV. In previous theoretical work, t sybstantiate this conjecture are under way.

values of 0.3 _eV (using a coupled-cluster variant and ground Finally, we want to give a short remark concerning the
state geometrié§) and between-0.04 eV and-0.4 eV (Using  “glectronic decoupling” or “principle of minimum overlap”,
CASPT2 and DFT/MRCI based on semiempirical or CIS excited egpectivelyt We have carried out calculations for the triplet
state geometri@§ have been put forward. Unfortunately, the oycited states too and found thatat 90° both singlet and
attainable accuracy in the theoretical treatment of excited Statestriplet state have a nearly identical structure and, within 0.01
in molecular systems of the current size is still limited and our oy the same energy. This indicates that indeed the exchange
best estimate for the energy difference may still be In error bY interaction of the particle-hole pair vanishes and, in this sense,
around 0.2 eV. Indeed, experimental observaiofis®seem  one can speak of electronic decoupling between the two
to indicate a barrier around 0.1 eV and a £EICT reaction moieties. The triplet states of DMABN will be further examined

energy well below that value. o in a forthcoming publication.
Trushin et aP8 have recently observed coherent oscillations

in the femtosecond time-resolved photoionization spectrum of 5
DMABN which were attributed to low-frequency oscillations We have presented a pure ab initio treatment of the ground
of the molecule in the LE well. They were assigned to the amino state and the two fluorescing states of DMABN, which involved
group twist and inversion (or “wagging”) modes, and the conical the full treatment of valence electron correlation using the CC2
intersection was assumed to be displaced along these coordimodel in combination with large triplé-basis sets and full
nates. We note however, that the assignment of these low-geometry optimizations. To the authors’ best knowledge, this
frequency modes based on quantum chemical calculation requirds also the first study on the vibrational spectra of the excited
a very accurate treatment including anharmonicity effects, which states of DMABN using a correlated method.
is so far not available. We only remark that in our calculations  The present study supports the TICT hypothesis in the sense
the conical intersection is displaced along the coordinates that the twisting of the dimethyl-amino group clearly is the
described in the first paragraph of this section and that we dominant reaction coordinate that leads from the locally excited
therefore expect that these modes will trigger the observed state to a low-lying ICT state. On the other hand no indication
oscillations. for a PICT-like stationary point on the potential energy
As we did not consider solvent effects in our calculations, of hypersurface was found. We want to emphasize, however, that
course no direct comparison with experiments in solution is the capability of a molecule to form a TICT state is only a
possible. Yet we find that we can very consistently assign large necessary but not a sufficient condition to predict the phenom-
parts of the experimental IR and Raman spectra, which indicatesenon of dual fluorescence. More elaborate criteria for such a
that the intermediates involved in the ICT reaction in solution prediction have been recently put forward by Jamorski and
do not significantly differ from those in the gas-phase. Although Luthi.25
this interpretation has to be taken with caution because of the Further active coordinates that are involved in the ECT
presence of strong mixing with other modes, it constitutes, reaction are the quinoidization modes and an out-of-plane mode
supported by the present theoretical data, clearly an argumenthat involves the carbanion-like pyramidalization of the ring
in favor of the TICT mechanism. carbon atom adjacent to the dimethyl-amino group. The latter
The assumptions of the PICT model, in particular a planar coordinate has so far not been considered in studies of that
ICT state, are clearly not supported by the current calculations, molecule. In our calculations, however, we find that tBg
as on the ICT hypersurface no stationary point with a PICT- symmetric TICT state is only a saddle point with respect to
like structure can be localized (see section 3.2). Nevertheless this coordinate and the relaxed structure is predicted to possess
the energy gap considerations put forward by Zachariasse etCssymmetry. This result is confirmed by CASSCF optimizations
al.%? are certainly a second important ingredient for the pre- and single-point CCSDR(3) calculations based on both CC2 and
diction of dual fluorescenc®.They are, however, independent CASSCF geometries. The additional structural flexibility in-
of the actual ICT mechanism. troduced by this degree of freedom may be of substantial
Yet, as mentioned in the Introduction, very recently experi- importance for the explanation of ICT in so-called “planarized”
mental evidence was put forward which was interpreted as anmolecules such as NTC6, where the aminogroup is fixed to the
obvious contradiction to the TICT hypothesfsEfficient ICT benzene ring by a (Ch bridge.
was observed for NTC6, Figure 6, a molecule which hitherto  The LE— ICT gas-phase reaction is predicted to be slightly
has been considered as planarized, as the amino group is parexothermic by 0.07 eV (7 kJ mol) at the CC2/TZVPP level;
of a six-ring sharing two carbon atoms with the aromatic including higher-order corrections from a CCSDR(3)/SVP
benzonitrile moiety. It was therefore concluded that the forma- calculation, we find the reaction to be endothermic by 0.17 eV
tion of a twisted ICT state is not possible and that another (16 kJ mof™).

. Summary
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The vibrational spectra of solvated molecules recorded for ments of the excited states. This gives perspective to the
both ground and excited states can be consistently interpretedreatment of large ICT systems, provided that density functional
on grounds of vibrational frequencies deduced from the CC2 development succeeds to solve the above-mentioned problems.
harmonic force field. We can confirm that the observed band We may f|na||y add that there are many aspects of the dual

shifts, especially for the PAN stretching mode, may be  flyorescence phenomenon which are associated with solvent
qualitatively correlated with the force constants of these bonds. effects (simply as most experiments are carried out in solution
But we have to add that the PIN stretching mode lies in a  phase), and it is worthwhile to be able to include them in future
frequency region where many other modes are present to whichtheoretical work. Steps in this direction have already been
it can couple strongly, thus making an a priori correlation yndertaken using either continuum mod&lsr molecular-
between frequency and bond strength difficult, if not impossible. gynamics simulation¥ but clearly improved solvation models

In connection with the theoretical data from this paper and the and a combination with more reliable methods to obtain excited

preceding TDDFT stud§; however, the downshift of the PIN state geometries are desirable. With respect to the latter, CC2

experiments, can be taken as an indication for the presence of
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applies not only to the adiabatic excitation energy of the ICT

state itself which is found to be more than 0.5 eV too low with ~ Supporting Information Available: ~Cartesian coordinates of

TDDFT2 but also to the LE state, for which an erroneous nearly all RI-CC2/TZVPP structures considered in this paper (ASCII
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