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Spectroscopic consequences of varying the twist angle of the amino group in aminobenzonitrile systems in
the electronic ground state are investigated by applying electron energy loss (EEL) spectroscopy and density
functional theory to 4N,N-dimethylaminobenzonitrile (DMABN), ,N-dimethylamino-3,5-dimethylbenzo-

nitrile (MMD), benzoquinuclidine (BQ), and 6-cyanobenzoquinuclidine (CBQ). A number of singlet and
triplet excited states was observed and assigned with the help of DFT/SCI theory. The results characterize
the gas-phase spectroscopy of the molecules and verify to within 0.3 eV the predictive power of DFT/SCI
theory for vertical states over a wide range of twist and pyramidalization angles. The amino group configuration
in the relaxed charge-transfer state of dual fluorescent aminobenzonitriles in solution cannot be directly deduced

from the present data, however.

Introduction Recently, it has been shown that the anomalous CT fluores-
cence only occurs in compounds with close-lyinga®d $
states and that the change in configuration of the amino nitrogen
from pyramidal toward planar is an important reaction coordi-

The dual fluorescence of M;N-dimethylaminobenzonitrile
(DMABN), which exhibits an anomalously red-shifted band,
was discovered by Lippert et al. 40 years agbhis feature

has since then been found in many molecules structurally related?@t€ in the intramolecular charge-transfer reactfof® In
to DMABN and in other aromatic electron doneacceptor addition, the photophysical significance of the model compounds

systems. Dual fluorescence has not been detected in the ga§onsidered to support the TICT hypothesis was questiéned

phase, which indicates that soluteolvent interactions play an and it was shown that the correlation coefficient between the
important role in these systems. oxidation potential of the amino group and the energy of the

Grabowski and co-workers proposed that the anomalous CT state in a series of 4-aminobenzonitriles is considerably
fluorescence originates from a structurally relaxed excited state Smaller than the value 1.0 required by the TICT mddel.

where the amino group is rotated by°9@ith respect to the In the extensive theoretical study of Serrano-Aisdee al'4
plane of the benzonitrile moiety, resulting in the “twisted the accurate CASPT2 method was employed. The conclusion
intramolecular charge transfer” (TICT) st&#&.The charge- was that (i) twisting is an essential relaxation mode to lower

transfer (CT) character of the excited state, a common featurethe energy of the excited CT state and that (ii) the proximity of
in all descriptions of the dual fluorescence phenomenon, is the § and $ states is necessary to promote the reaction from
derived from the measurement of a large dipole moment of the the Franck-Condon state reached after light absorption to the
emitting state€~1° The assumption of a twisted excited state emitting CT state. It should be noted, however, that the ground-
(i.e., the TICT hypothesis) was based on model compounds in state structure of DMABN was not entirely correctly reproduced
which the amino group is held at a specific twist angle in the in these calculations. In particular, the bond length between the
ground state by a suitable molecular architecéife'? When amino nitrogen and the phenyl rifigvas overestimated, which
the original TICT hypothesis was formulated, it was assumed may affect the calculated rotational barrier of this bond in the
that DMABN had an overall planar conformation in the ground ground as well as in the excited state.

state. Other types of structural relaxation in the excited CT state
*To whom correspondence should be addressed. have bgen proposed more recently on the basis of theoretlgal
t E-mail: Michael Allan@unifr.ch. calculations, such as in-plane bending of the cyano group in
*E-mail: grimme@thch.uni-bonn.de. DMABN. Such a bent state was also suggested to correspond
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to the minimum energy structure of a CT state in the related This instrument detects electrons scattered atafd at
benzethyne&® This prediction could, however, not be cor- 180°.2628At E, = 20 eV the backward scattering cross section
roborated experimentalfy. is very small and the observed spectra are due essentially to

The phenomena of dual fluorescence and structural relaxationelectrons scattered in the forward direction. Dipole selection
of excited states, which play an important role in photochemistry rules apply to excitation by electron impact in the limit of
and photobiology, have been extensively investigated both forward scattering and high electron energies, i.e., in the limit
experimentally and theoretically. The relevant literature has beenof nearly zero momentum transfer. The residual energy of 20
reviewed by Rettig!12 An informative overview, including a eV is sufficiently high that the spectra recorded at this energy
comprehensive list of earlier theoretical investigations, has beenare dominated by dipole-allowed transitions. Band intensities
given in the paper of Serrano-Aridrest al* More recent are then indicative of the dipole oscillator strengths. However,
theoretical work has been cited by Scholes éf aind Parusel only a qualitative comparison of EEL intensities and oscillator
et al! strengths is possible, as the present electron energy is not high

The aim of this work is to study the spectroscopic conse- enough to exclude excitation by resonances or by higher
guences of various ground-state twist angles in aminobenzo-multipoles.
nitrile systems, using the compounds\N¢éN-dimethylamino- The cross sections for the dipole allowed transitions decrease
benzonitrile (DMABN) with no twist in the electronic ground  with decreasing incident electron energy, whereas the cross
state, 4-(dimethylamino)-3,5-dimethylbenzonitrile (MMD) in sections for excitation of the triplet states generally peak at
which steric hindrance leads to an intermediate twist angle of residual energies of 45 eV. Triplet bands are therefore
59°,19 and 6cyanobenzoquinuclidine (CBQ) with a fixed 90 prominent in the spectra recorded with low residual energies.
twist angle (Chart 1). (The related problem, the effect of the The cross sections for excitation of the triplet states are
ground-state twist angle on the spectroscopy of the positive ion, furthermore not forward-peaked but more isotropic with respect
has been studied by Rettig and Gleiteusing photoelectron  to scattering angle; in some cases they are even strongly
spectroscopy.) Benzoquinuclidine (BQ), also shown in Chart backward-peakef. The capacity of the present instrument to
1, has been included in the study to clarify the role of the cyano detect the backward-scattered electrons is thus essential for the
group. detection of triplet states.

Electron energy loss (EEL) spectroscopy is employed to study We have also recorded the excitation functions of the
the excited states in the gas phase. The relaxed selection rulesndividual excited staté83but do not present them here, since
of this method permit the observation of the dipole and/or spin- they are not essential for the present discussion. These functions
forbidden transitions in many instances, thus providing more generally exhibit maxima due to resonances. As a consequence,
complete spectroscopic information than photoabsorption. Thethe relative intensities of the individual triplet states in the
experimental study is complemented by a theoretical density energy-loss spectra vary with residual energy. We recorded the
functional study of both singlet and triplet excited states, triplet spectra at various residual energies in the range-0.03
including interaction between singly excited configurations 3.0 eV3:31but since only the energies of the triplet states and
(DFT/SCI). This method has been proven to be capable of not the details of their excitation are discussed here, we show
predicting transition energies of fairly large molecules with high only the sum of the spectra obtained with residual energies in
accuracy, in particular describing correctly singlet and triplet the range +3 eV. The resolution was ca. 0.05 eV, and the
transitions of valence and Rydberg types in a consistent energy scale is accurate to within 0.03 eV.

manner3-25 A commercial sample (Schuchardt/Merck) of DMABN was
purified by “dry column chromatography” (DCC) according to
Experimental Section LoeV?? (stationary phase consisting of alumina from ICN,

The trochoidal electron spectrometer used in the present work€utral, activity 3; mobile phase consisting of cyclohexane

has been described in detail previol&¥7 It uses magnetically ~ t0luéne, 1/1, toluene) and by sublimation (mp-74°C). Purity
focused trochoidal monochromators as electron energy filters WS tested by thin layer chromatography (TLC) (stationary phase
and a collision chamber with only small apertures for incident alumlna.; ,mOF"'e phase cyplohexafmlugne 1/1). The synthes[s
and scattered electron beams. This construction results in smalfd purification of MMD is described in ref 6, that of CBQ in
sample consumption and high sensitivity, which are imperative '€f 33 BQ was synthesized according to ref 34 and purified by
prerequisites for recording a spectrum with a small amount of DC_C. (statlonary phase consisting of alumina from ICN,.neutraI,
sample (ca. 50 mg). The experiment involves intercepting the aCtiVity 3; mobile phase consisting of toluene and ftrichloro-
sample vapor at low pressure (ca.t0nbar) with a beam of ~ Methane) and by sublimation (mp-689°C). Purity was tested
electrons of varying incident enerds and detecting electrons ~ 2Y TLC (Stationary phase silica; mobile phase trichloromethane

scattered at a fixed residual energy The incident electrons methanol 9/1).
can excite the target molecules, thereby losing an amount OfTheor
kinetic energyAE = E; — E; equal to the excitation energy. A y

spectrum of the excited states is obtained by plotting the The method for the description of excited states of closed-
scattered electron curreiRtagainst the electron energy IoAE. shell molecules using density functional calculations, combined
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with a single excitation configuration interaction treatment
(DFT/SCI), has been developed recerfiyt is superior to the

standard ab initio HF/SCI approach because of the implicit
account of dynamical electron correlation effects. The errors in

the excitation energies of valence and Rydberg excited states

obtained with this method were not found to exceed 0.2 eV for
a wide range of moleculed-25

The present DFT calculations were performed with the
TURBOMOLE suite of program®36Becke’s hybrid exchange
correlation functional (B3-LYFY was used throughout. Valence
double¢ AO basis sets (C, N, 3s2p; H, 2%with polarization
functions on the non-hydrogen atoms (VDZd, d, = 1.0; C,

o, = 0.8) were used to optimize the ground-state structures
within the symmetry constraintsC,, (DMABN), Cs (CBQ,
BQ), andC; (MMD)

The planar geometry of DMABN predicted by B3LYP/VDZd
is in disagreement with experimental data where a pyramidal-
ization angle at the dimethylamino group {hd 13)183°was
found. However, this influences the calculated spectral data only
marginally as was shown in ref 21. Note that a pyramidalized
DMABN geometry is obtained with a larger TZP basis set at
the B3LYP level©

The minimum energy structure of MMD at the DFT level
has C, symmetry with a twisting angle of about 58&no
pyramidalization). Employing this structure in the DFT/SCI
calculations yields incorrect results for the first (CT) band, i.e.,
an excitation energy that is too low and an intensity that is too
high. We have thus reoptimized the geometry at the Hartree
Fock—SCF level with the VDZd basis and found a pyramidal-
ized structure with twisting and pyramidalization angles of 76.2
and 24.2, respectively. This geometry was used in the
subsequent CI calculations of the spectrum. The optimized
structure of CBQ has an amino group twist angle df. @wing
to the incorporation of the nitrogen atom in the bicyclic rings,
the pyramidalization angle is large (57)%nd the two bond
angles G,—Car—N deviate strongly from 120(124° and 115).

All computed excitation energies correspond to vertical
transitions; i.e., they were obtained by employing the ground-
state geometry. This represents an approximation to the
experimental transition energy at the band maximum. In the
DFT/SCI calculations the VDZd basis sets were augmented by
one set of diffuse sp functions withs, = 0.06, placed at the
carbon and nitrogen atoms, which accounts for the lowest

members of the Rydberg series and for the increased spatial

extent of the higher-lying valence states.

In the SCI approach the singlet or triplet configuration state
functions (CSF) resulting from the distribution of all valence
electrons in all virtual MOs were included. All transition
moments were calculated in the dipole length form.

Our initial interpretation of the experimental d¥& was
based on semiempirical ZINDO calculations, and these results
are presented in one of the tables for comparison. However,
the precision of these results was not sufficient for an unam-
biguous assignment of the observed transitions.

Results

The EEL spectra are shown and compared to the results of
the DFT/SCI calculations in Figures-#. The experimental and

Bulliard et al.
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Figure 1. EEL spectra of DMABN. Vertical bars under the spectra
indicate results of DFT/SCI calculations. Bar lengths are proportional
to the calculated oscillator strengths for the singlet transitions.
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Figure 2. EEL spectra of MMD. Vertical bars indicate results of the
DFT/SCI calculations (see caption of Figure 1). The lowest three vertical
bars under the singlet spectrum are expanded for clarity.
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Figure 3. EEL spectra of CBQ. Vertical bars indicate results of the
DFT/SCI calculations (see caption of Figure 1). The bar of the lowest
LE transition is shown 8 vertically expanded. Transitions with
oscillator strengths smaller than 0.001 (e.g., the lowest CT transition)
are indicated by thinner bars.

DMABN. Five features can be distinguished in the high

calculated transition energies, the calculated dipole momentsresidual energy spectrum in Figure 1. The general shape of the
and oscillator strengths, and the approximate description of the spectrum and the magnitude of the transition energies agree well
transitions in terms of the MO configurations are summarized with the UV spectrum measured in isooctane and with the linear
in Tables 4. Figure 5 defines labels of the benzene p orbitals, dichroism spectrum measured in polymer matrices by Herbich
which are then used in the Tables-4 to designate MOs et al®® The energy gap between théBland 2A transitions is
localized mainly on the benzene moiety. smaller in solution than in the gas phase and decreases with
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\ \ TABLE 2: Transition Energies of MMD (See Caption of

1 I
BQ Table 1)
DFT/SCI
Jj ;
AEep AE 1000 u  state assignment
E,=20cV k‘g Singlets
sjecr /), 427 417 19 19.0 2A (p—m3)(CT)

I
= 458 13 7.8 3A fnn— ms) + (pn— 7) (LE)
50 495 2 17.2 4A (p— ) (CT)
E=1-3eV 545 547 231 8.7 5A #— )+ (m2— ma)
585 17 47 6A (R—3s)
6 30[ 6.45 577 7.4 7A fum— mwim) (benzene k)
’ 6.51 876 6.5 B8A fi/m— w3l (benzene k)

Scattered Current (arb. units)

| - — 6.63 68 7.7 9A (R—3p)-+valence
RN 672 92 66 11A (1 ap)+ valence
. . p— 3p) + valence
Energy Loss (eV) 693 3 54 12A fcn— 73)
Figure 4. EEL spectra of BQ. Vertical bars indicate results of the 6.96 13 16.2 13A p—val.+ Ryd. MOs
DFT/SCI calculations (see caption of Figure 1). The lowest three vertical 7.02 99 4.8 14A fo— m3)
bars under the singlet spectrum are expanded for clarity. 720 18 7.1 15A p—val.+ Ryd. MOs
N ) ) 7.21 9 25 16A(py— )
TABLE 1: Transition Energies of DMABN (in eV) 2 Triplets
DFT/SCI 3.48 3.77 10.8 1A sty — ms) + (pn — 13) + (11— 7m3)
fx 4.03 8.2 2A (171—’ 7'[3) - (.7'[2_’.7'[3)
AEeq AE 1000 u state. assignment 4.3 jﬂ 12; 4 iﬁ g:_,;j; €n
Singlets 4.69 11.6 5A (R— ) + (m2— 7a)
425 409 31 114 1B (pn— 7a) + (12— 73) 4.94 11.9 6A (R— 1) — (m2— m)
456 455 680 14.6 2A (pn— m3) (CT) 5.75 40 7A (m—3s)
580 5.71 150 10.5 2B (w2 — m3) + (w1 — a) — (12— 72) 6.09 51 8A (to— m3)
575 23 16 1B (pvn—3s) 6.51 6.5 O9A
631 0 193 1A (py—3p)+ (pn— 7o)
6.34 11 101 3A (m—m) TABLE 3: Transition Energies of CBQ (See Caption of
6.36 0 29 2B (pn—3p) Table 1)
645 0 65 2A (pv—3p) — (pn— 7y
6.40 6.69 890 8.0 4A (m— m) (benzene k, zpol) DFT/SCI
678 1 0.8 3B (pv— 3de_y) f x
6.86 10 4.0 4B (pn—3dy) AEe AE 1000 u state assignment
6.95 0 2.6 BA (JTCN_’J[3) Singlets
6.80 7.03 230 8.4 3B (.7'[14’.7'[4) - (7[2"7{3) 4.52 0 20.0 1A (pN _,ﬂs) (“T|CT")
710 0 27 4A - 4'60[ 457 7 61 2A  (m—ms)+ (r— ) (Ly)
716 1 02 5A (pv—3p) 546 535 308 79 3A (m—m@)
Triplets 6.33 438 6.1 4A (.7'[2_' .7[4) — (ﬂl — 7'[3)
3.36 3.12 14.0 1A (pn—73) 6.3 6.38 326 50 5A (pn— 3s)+ valence
(3.5) 351 12.0 1B (pn— 7s) (Mostly LE) 6.55 522 59 6A (m1— mg) + (ren— 73)
4.45 8.1 2A (m— m) (benzene k) 6.60 0 119 2K (06— m)
4.68 103 2B (72— 73 698 38 63 7A  (pn—3p)
aGiven are the experimental verticlEeyy) transition energies (with ;82 28? 12; gﬁ (ron = 9) = (ma = 74)
an uncertainty of+0.1 eV, except where otherwise noted), the 7.06 1 16.2 4A
theoretical vertical transition energieeE, the oscillator strengthg 7.11 19 93 O9A
and the dipole momentg (D). The symbolsmi — 74 in the 7.21 1 28 BA
“assignment” column designate those MOs of DMABN that are 7.25 2 6.1 B6A
localized predominantly on the benzene ring and thus resemble the 7.34 22  21.0 10A
benzene MOs shown schematically in Figure 5 (the lowest benzene iol
7-MO i labeledr;). Orbitals consisting predominantly of the nitrogen 5 4 o 6 gTrlpli}S (ro— ) L
lone pair and of ther* orbital of the CN moiety are labeled ag pnd ) 213 81 oA (22__ ) La
N . . . 1~ 73) Lp
e respectively { 4.39 44 3R (m—m) — (m— 1)
. . aa . . . 4.49 20.1 1A (pn— @3) (TICT)
increasing solvent polarit} in line with the higher dipole 464 49 4A  (mr— ) — (m— )

moment of the upper state.

We base our assignment on the comparison with the transitioncalculated at 4.09 eV. Orbital assignment (Table 1) and a smaller
energies and oscillator strengths from the DFT/SCI calculations calculated dipole moment of 11.4 D reveal a substantial LE
(Table 1). The assignment of the two lowest excited states in contribution to this state, although the CT character increases
relation to the DFT/SCI calculation has already been discussedupon twisting of the amino groufd.The DFT/SCI calculations
in the recent publication of Parusel et?alThe most intense  reproduce the observed transition energies to remarkable ac-
band centered at 4.56 eV is attributed to a transitiontotBg 2  curacy. The calculated oscillator strength of the band at 4.09
state, calculated at 4.55 eV. Excited states have mixed CT andeV is less than could be expected from the relative intensity of
locally excited (LE) character in the untwisted compound, but the 4.25 eV shoulder in the spectrum. We ascribe the higher
orbital analysis and the large calculated dipole moment of 14.6 experimental intensity to vibronic “intensity borrowing” from
D reveal that this transition is predominantly CT. A shoulder the transition to the higher-lying state, and possibly partly to
observed at 4.25 eV is assigned to a transition to tBe 4tate, deviation of the EEL intensities from the dipole transition
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TABLE 4: Transition Energies of BQ (See Caption of Table
1) E(V) DMABN MMD  CBQ
6.0
DFT/SCI
AEeq AE fx1000 u state  assignment E
Singlets 303
4.72 4.82 2 1.7 2A E
55 5.20 0 12.1 1A CT
’ 5.37 0 12.6 2K CT 403
6.0 5.89 4 1.7 3A LE 3
’ 6.23 13 4.5 4A LE
6.80 170 2.2 5A 3.0
6.86 353 3.6 6A
6.7 6.90 577 0.2 TA
6.92 0 5.7 3A Figure 6. Correlation between observed spectral bands and calculated
6.95 605 2.3 8A transition energies. Only the bands due to transitions to the lowest-
7.13 2 5.4 lying one or two triplet states are shown. Spectral bands are indicated
7.18 69 16.1 by rectangles, calculated energies by horizontal lines. Singlet states
7.18 18 2.8 are indicated with solid lines, triplet states with dashed lines.
7.29 17 1.5
7.32 29 4.1 ; ; ; : i
_ recorded with low residual energies. The lowest triplet transition
Triplets peaks at 3.36 eV, which is consistent with the value of 2.8 eV
3.88 4.14 1.9 1A (band maximum) determined from the phosphorescence spec-
4.41 1.9 2A ; a1 o
46 4.49 16 3A trum in ethanol at 77 K by Kider et al** when the mirror image
4.77 1.6 4A relationship of the EEL and the phosphorescence spectra is taken
. . into account. (The band onsets are at 3.0 eV for both the energy-
TABLE 5: Comparison of Experimental and Calculated loss and the phosphorescence spectra.) This agreement provides
Transition Energies (eV) of DMABN support to the conclusion of Kiber et al4! that the phospho-
state expi UVP CNDO* ZINDOY CASPTZ DFT/SCF rescing species is coplanar. Comparison with theory (Table 1)
1B 425 (4.1) 4.2 4.02 4.02 4.09 assigns the first triplet band 84, in agreement with Koler
2IA 456 443 48 4.53 4.23 4.55 et al#! The calculation shows that it is a predominantly-p
218 5.80 5.92 5.75 73 transition, which means that it is related, in terms of orbital
T g-gg g-gg 350 %31‘; occupation, to theecondand not the first) excited singlet state
B (35) 334 380 351 of DMABN and to the TICT state of CBQ. The energy of this

_ - state is thus a very steep function of the twist angle (see also
2 Present work® Reference 13, im-heptane. The transition to the Figure 6). The SCI model is known to exaggerate excited-state
1'B state is seen as a shoulder on the band due to the transition to thedipole moments, and the dipole moment for the, state
2'A state, and its vertical energy cannot be determined reliably. .” . ’ L .
¢ Reference 45 References 30 and 31Reference 14. indicated by our calcplatlon is presumably.too high. Our results
thus do not contradict the conclusion of ier et al** and

Okada et af? that the3A; state in the coplanar conformation
does not have substantial CT character. This is indicated by
the fact that we calculate the dipole moments of the twisted
CT states (the singlet and triplet IAtates of CBQ in Table 3)

T 7T T3 n

to be even much higher.
MMD. The spectrum measured with 20 eV residual energy
b, a b, a shows three bands peaking at 4.27, 5.45, and 6.30 eV (Figure
Figure 5. Definition of the labels of the high-lying occupied and the ~ 2). The flat shape of the spectrum and the substantial magnitude
low-lying unoccupied MO’s of benzene. The vertical line indicates the of the signal in the 4.85.2 eV region indicate another transition
bond to the N atom. (The lowest-lyingMO of benzene is not shown.  ground 5.0 eV. The EEL spectrum is similar to the UV spectra
It is denoted asto in the tables). measured in isooctaffeand in n-pentané? The first UV

moments at the comparatively low incident electron energies absorption in the gas phase was reported at 4.3°eV.
used in the present experiment. The situation is analogous to The lower symmetry of MMD compared to DMABN results
that found for the lowest singlet transition in benzene, which is in a larger mixing of different excited configurations, as
well visible in the optical absorption and the EELspectra indicated in Table 2. The lowest singlet transition is calculated
despite its zero oscillator strength withy, symmetry. to correspond to CT excitation. The second singlet excited state,
Our assignment of the two lowest vertical excited states agreesa LE state, is calculated at 4.58 eV. This transition is calculated
with that of Herbich et at° (based on INDO results) and with  to have a small oscillator strength and is probably responsible
our earlier assignme¥ft3 based on ZINDO calculations. Our in part for the broad 4.27 eV band. Note that this LE state,
assessment of the singlet states of DMABN is similar to that whose energy depends only to a small extent on the amino-
proposed by Kbler et al*! Table 5 compares our results of group substitution pattern, becomes visible at about 4.4 eV in
these two states with earlier experimental and theoretical work. the photoabsorption spectrum of 3,5-dimethyl-4-aminobenzo-
(A more comprehensive list of previous calculations is given nitrile in n-pentan& where the CT state is strongly blue-shifted.
in refs 14, 20, and 21.) Figure 1 and Table 1 further indicate A weak transition is calculated at 4.95 eV and explains the
that the DFT/SCI calculation successfully accounts for even the signal at 5.0 eV. A locally excited state calculated at 5.47 eV
higher excited states. accounts for the band at 5.45 eV. Finally, two intense transitions
Spin-forbidden transitions appear, together with the dipole- calculated at 6.45 and 6.51 eV (closely related to the strong
allowed ones, in the lower curve of Figure 1, which was E;, transitions of benzene) explain well the 6.30 eV band.
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TABLE 6: Comparison of Experimental and Calculated BQ. BQ was investigated in order to determine the effect of
Transition Energies (eV) of CBQ the cyano group in CBQ. The spectrum at 20 eV residual energy
state expfl uvb ZINDO® DFT/SCP is again reminiscent of the spectrum of benzene. Furthermore,
1A (TICT) (4.6) 4.2) 557 450 it agrees with the II_)FT/SCI caIcuI'c_ltions_ when inten_sity enhz_ﬂnce-
2IA! 4.60 4.60 4.32 457 ment of the low-lying bands by vibronic coupling is taken into
3tA’ 5.46 4.96 5.35 account. The calculated dipole moments in Table 4 indicate that
2N 3.70 2.79 3.65 the lowest singlet state is of LE nature, emphasizing the need
a present work? Reference 44, in isooctane or methanol. The “TIcT”  Of the TICT state to be sta_blll_zed by the cyano group. The
band is observed only in acetonitrifeReferences 30 and 31. calculated dipole moments indicate two CT states at 5.20 and

_ _ _ 5.37 eV that can be assigned to the shoulder at 5.52 eV. In
The onset of the first triplet band is very gradual, at about contrast to CBQ, this state thus appears to give rise to a distinct
3.0 eV in Figure 2, in agreement with the onset of the CT band in BQ.
phosphorescence band observed at 2.9 #\vglassy ethanolic Finally, two triplet transitions at 3.88 and 4.67 eV can be

solution (both at 77 K)The large relative intensity of the 4.31  distinguished in the spectrum measured at low residual energies.
eV band in the lowE, spectrum, in comparison with tHg =

20 eV spectrum (Figure 2), indicates singtétplet transitions Discussion and Conclusions
at this energy. An unambiguous assignment is not possible o
because four such transitions are calculated near this energy. An intriguing aspect of the research on DMABN and related

The calculated singlettriplet (S-T) separation of the CT compounds is that three models have been proposed to explain
states in MMD is 0.06 eV, i.e., much less than in DMABN the dual fluorescence, and the question of which is correct has
(1.4 eV). This trend may be understood as an indication of a Not yet been settletl.19?! These models assume different
more complete charge separation at larger twist angle, the limit configurations of the amino group in the relaxed fluorescing
of this trend being found in CBQ where the-$ separation CT state of DMABN relative to the benzonitrile plane: per-
nearly vanishes. pendicular (TICTJ, planar (WICT)*170r the cyano substituent

CBQ. CBQ exhibits a 90 twist angle of the amino group.  being in-plane bent (RICT}.

The oscillator strength of the CT transition becomes very small, We emphasize that the present work cannot resolve this
and it is no longer prominent in tHg = 20 eV spectrum. This  Problem primarily because electron energy loss spectroscopy
situation is reflected in the spectra already on a qualitative level, deals with isolated molecules in the gas phase and is limited to
since theE, = 20 eV spectrum is reminescent of the (slightly Vertical transitions, whereas the anomalous dual fluorescence
red-shifted) spectrum of benze#&” The intense CT bands is intimately associated with solvation in solutions and requires

found at low-energy loss in DMABN and with less intensity in  substantial rearrangement of the nuclei, which represents a
MMD are now missing. dramatic departure from the vertical excitation region.

In the case of CBQ, the state with a perpendicularly twisted ~ The present paper makes an indirect contribution to this issue,
amino nitrogen (called “TICT” here in an extension of the however, by characterizing the gas-phase spectroscopy of the
normal usagé} is calculated to be the lowest singlet excited relevant chromophore for varying twist and pyramidalization
state with an oscillator strength of nearly zero. Since the lowest angles of the amino group. The primary result is thus a test of
LE state is calculated to be only 0.05 eV higher, the TICT state the predictive power of theory. The test is very thorough because
cannot be distinguished as a separate band in the spectrum. Thé) both singlet and triplet excited states are tested, (ii) it includes
4.60 eV band is probably due to both transitions and may derive high-lying excited states, and (jii) it is made for three compounds
a large part of its intensity from borrowing. This band overlap Wwith widely varying ground-state twist and pyramidalization
is somewhat disappointing given our initial hope that the less angles.
stringent selection rules of EEL spectroscopy will permit a direct ~ The results are summarized in the correlation diagram in
observation of this unrelaxed TICT state. Figure 6. The very good agreement of theory and experiment

The EEL transition energy for the first band is in excellent justifies confidence that the DFT/SCI model is able to predict
agreement with the photoabsorption value in isooctane or correct excitation energies for widely varying configurations
methandt* (Table 6). Both the EEL and the UV spectra show of the nuclei. The spectroscopic study reported here thus
weak vibrational structure. The UV spectrum recorded in the increases the weight of the conclusions reached on the properties
polar solvent acetonitrile shows an additional weaker shoulder of the potential surface of DMABN in ref 21, in which the same
on the low-energy side of the 2Aand, which was assigned to  theoretical model is used. The present EEL spectra can be used
a transition to the TICT state by Rotkiewicz et‘4llhe absence  to test future theoretical models.
of this feature in the present gas-phase spectra (see the expanded The correlation diagram in Figure 6 further allows two more
trace in Figure 3) indicates that selective stabilization of the specific conclusions. The combined EELS and theoretical results
CT state by polar solvents is required to make it visible as a indicate that the singlet 2ACT state of DMABN reached by a
separate spectral feature. vertical transition in the gas phase is stabilized and becomes

The onset of the first triplet band is at 3.25 eV in Figure 3, the lowest singlet state in MMD under these conditions. This
in very good agreement with the position of the@transition result supports the conclusion of Parusel et'ahat in their

of the phosphorescence band observed at 3.3% &V n- gas-phase calculations the potential minimum of the CT state
propanol and at 3.3 é¥in glassy ethanolic solution (both at of DMABN is around 60 twist angle, near the ground-state
77 K). twist angle of MMD. (The potential is very flat with both

The DFT/SCI calculations also account very well for the CASPTZ2®and DFT/SCH methods, and it is not surprising that
higher-lying bands in th&, = 20 eV spectrum. The strongly  the exact position of the shallow minimum varies with different
enhanced relative intensity of the 4.49 eV band in the lower models; i.e., CASPT2 gives 45and DFT/SCI gives 60) The
spectrum of Figure 3 indicates the appearance of triplet states2A; CT state of DMABN is not further lowered but in contrast
that are assigned to the three overlapping transitions in Table 3destabilized when the twist angle is further increased tb 90
(one of them being the triplet TICT state). when going from MMD to CBQ. Since the calculatfdn
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indicates only a weak destabilization of this state when the twist
angle is increased toward 9 DMABN, we propose that the
destabilization in CBQ is caused primarily by the large
pyramidalization angle of the amino group found in this
compound. To test this hypothesis we calculated the excitation
energies of DMABN with 99twist angle and a pyramidalization
identical to that prevailing in CBQ and found 4.62 eV for the
Ly state and 4.88 eV for the “TICT” state. These values lie very
close to 4.57 and 4.54 eV calculated for CBQ (Table 3). Theory

Bulliard et al.

(15) Sobolewski, A. L.; Domcke, WChem. Phys. Lettl996 259 1.

(16) Zachariasse, K. A.; Grobys, M.; von der Haar, Th.; Hebecker, A.;
Ilichev, Yu. V.; Jiang, Y. B Morawskl O.; Kbnle, W.J. Photochem.
Photobiol., A1996 102 59.

@n |chev Yu. V.; Kilhnle, W.; Zachariasse, K. Al. Phys. Chem. A
1998 102 5670.
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K. A. Acta Crystallogr.1994 B50, 363.

(19) Zachariasse, K. A.; Grobys, M.; Tauer,E&hem. Phys. Letil997,
274, 372.

(20) Scholes, G. D.; Phillips, D.; Gould, I. ©hem. Phys. Lettl997,

thus suggests that the CT excited state is destabilized by the?66 521.

large pyramidalization angle in CBQ.

(21) Parusel, A. B. J.; Kider, G.; Grimme, SJ. Phys. Chem. A998
2, 6297.

Finally, the present paper also characterizes the triplet states (22) Rettig, W.; Gleiter, RJ. Phys. Cherm1985 89, 4676.

and indicates that the lowest triplet state of CBQ is not of CT
type and differs substantially in terms of orbital occupation from
the lowest triplet states of DMABN and MMD.
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