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The excited singlet states of #;(-dimethylamino)benzonitrile (DMABN), N,N-dimethylaminobenzaldehyd
(DMABA), and methyl 4N,N-dimethylaminobenzoate (DMABME) are studied by a combination of density
functional theory and configuration interaction approaches (DFT/SCI). DMABN is investigated in more
detail as the best known model system showing dual fluorescence in polar solvents. Because the origin of
the second red-shifted fluorescence is still not settled definitely, we consider three commonly discussed
geometric relaxation pathways which generate low lying intramolecular charge transfer states (TICT, WICT,
and RICT). In general, the results of the DFT/SCI calculations for excitation energies, oscillator strengths,
and dipole moments compare favorably with either experimental results or data from very elaborate theoretical
CASPT?2 calculations. For DMABN we find a global minimum structure in the first excited state with a
twisted (60) but not pyramidalized dimethylamino group. The barrier for TICT state formation from the
lowest 1B state is computed to be 2.3 kcal/mol. The calculated vertical fluorescence band energy of 3.4 eV
is in good agreement with experimental data (3.2 eV). The rehybridization of the cyano group according to
the RICT model leads also to an excited-state minimum with strong charge-transfer character. However, this
RICT state lies higher in energy than the TICT state and is furthermore associated with a large barrier (17.6
kcal/mol). The results of the DFT/SCI calculations for the keto derivatives DMABA and DMABME reveal,

in agreement with experiment, quite a small splitting between the lokyesihd L, states £0.15 eV).

1. Introduction

\N/ \N/ \N/ \N/ \N/
Interest in the dual fluorescence phenomenon has attracted
increasing attention since its discovery by Lippert ét28.years
ago. Lippert ascertained an anormal emissitiy &ccording
to Platt's notatiof), red-shifted from the normaL;, fluorescence C
HO” 0 H” SO  HyCO” SO HsC.07 O

for 4-(N,N-dimethylamino)benzonitrile (DMABN, see Figure i
1) in polar solvents. This low-energy emission band is found
in several other electron doneacceptor compounds as well.  po. o0 pyvABAe DMABA DMABME DMABEE

All molecules are of a general doreacceptor pattern with both
subunits connected by a single bohi@. Numerous compounds
emitting dual fluorescence are known by now, but the origin of
this unusual property is not completely understood at present, explanation of the dual fluorescence phenomenon. According
and various mechanisms have been suggested since theno this model, théL, emission arises from a planar first excited
Lippert et al* primarily assigned the two distinct emission bands  state of DMABN. The anormal fluorescence is attributed to a
to two different IOW-Iying excited Singlet states which invert in h|gh|y p0|a_r state that is formed by twisting of the d|methy|_
polar solvents. Several proposals were made in the nextamino donor group perpendicular to the benzene plane (see
decades, such as excimer formation by McGlynn étexcited- Figure 2) accompanied by an intramolecular charge transfer (CT)
state pI‘Oton transfer by Kosower etéﬁnd eXCipleX fOI‘matIOI’I from the donor (d|methy|am|n0 group) to the acceptor moiety
by Chandrossand Visser et &. Intersystem crossing is  (benzonitrile group). This rotation leads to an energetically
generally the most important deactivation channel of DMABN.  gtapbilized excited-state conformation, which is depopulated to
The sum of fluorescence and intersystem crossing quantum yieldine electronic ground state by fluorescence emission. Several
@ is near unity, and further deactivation processes can begyperimental results seem to corroborate this hypothesis:
excluded in nonpolar and gas-phase conditions. derivatives of DMABN with the amino group forced to planarity
Nowadays, the TICT (twisted intramolecular charge transfer) p; incorporation into five- and six-membered rings exhibit only
model of Grabowski et a2 is widely accepted as an e normal fluorescence bah¥il® Systems with sterical

TFax: +43 1 31336 790. E-mail: andreas@majestix.msp.univie.ac.at. hindrance to planarity such as _6'Cyan0be'flz_qUinUCIidine (€BQ)
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Figure 1. Structures of DMABN and its keto derivatives.
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Figure 2. Models of the DMABN relaxation modes according to the

TICT (twisting angled), WICT (wagging anglev), and RICT (bending
angley) approaches.

Cs

pretwisted in the electronic ground state and yield only bpe
state emission.

According to the TICT model, decoupling of the donor and
acceptor orbitals by twisting the dimethylamino subunit is the
driving force for the formation of a low lying excited CT state
in DMABN. Zachariasse et 8P~23 postulated that the nitrogen
lone pair can also be decoupled from the benzonitriystem
by pyramidalization (wagging) of the dimethylamino group
(rehybridization from spto s@ at the nitrogen atom). A small

Parusel et al.

10 11

Y

©

)4

Xz

Figure 3. Enumeration and molecular planes defining the symmetry
of DMABN.

state DFT see, for example, ref 55) with the configuration

energy gap and a solvent-induced vibronic coupling between interaction method including only single excitations (DFT/SEI)
the first and second excited states should increase the localizafor a description of excited states. The inclusion of dynamical

tion of the positive charge on the donor and negative charge onelectron correlation effects in the DFT/SCI method gives more

the acceptor subunit, respectively. Gorse and Pe3tpser-

reliable results compared to the standard Hartifeeck/SCI

posed that large wagging angles decouple the donor from the(also termed CIS) approach. The DFT/SCI method has been
acceptor orbitals as well, generating an intramolecular CT statesatisfactorily tested in the interpretation of vis/UV and CD
with an increased dipole moment (WICT, wagged intramolecular spectra of a wide range of molecufés8° On the average the

charge transfer}?

Numerous theoretical studies on DMABN using both semi-
empirical?24-37 and ab initid®*4 methods have been carried
out. Most of them confirm the validity of the TICT model,

errors for vertical excitation energies do not exceed-0.3

eV and also transition moments are described very accurately.
Although the DFT/SCI approach is restricted to single excita-
tions, it implicitly accounts for higher excitation classes (i.e.,

although many of them are based on very approximate methods doubles and triples) and thus for the most important dynamical
However, also the correlated ab initio CASPT2 calculations by electron correlation effects. This is of particular importance in

Serrano-Andre et al*? yield the same conclusion.

Recently, Sobolewski and Domd®é* discussed a highly
polar excited state with an in-plane bent cyano group (RICT
model: rehybridization by intramolecular charge transfer).
Employing the CASPT2 method, a local minimum on the
potential energy surface of the first excited state with ah sp
hybridized carbon atom was found (the bending angle C4—

N8 is calculated to be about 120or the labeling see Figure
3).

4-N,N-Dimethylaminobenzoic acid (DMABACY 4-N,N-
dimethylaminobenzaldehyd (DMABAY,and various esters (see
Figure 1) of DMABAC*"-52 have been known to show anoma-
lous fluorescence properties as well. In the gas phaséLthe
state for methyl and ethyl BLN-dimethylaminobenzoate
(DMABME and DMABEE, respectively) is located approxi-
mately at the same energy as #g state. For DMABA this
ordering is reversed in the nonpolar hexane solvent. The

aromatic hydrocarbons (e.g., as in DMABN) where the ab initio
CIS approach often gives the wrong ordering of excited states
of different character (e.glLa vs Ly, cf. section 4). Although

the method is semiempirical in nature (there are four parameters
which depend only on the exchangeorrelation functional
used), it has a deep theoretical foundation because it represents
an approximate version of time-dependent density functional
theory (see for example refs 61, 62).

In the present work we use DMABN as a test case for the
performance of the DFT/SCI method to describe the excited
singlet states of CT systems. Although the TICT phenomenon
is strongly related to solvation, the theoretical results corre-
sponding to the gas phase can be compared with ab initio
CASPT2 data or experimental results obtained in nonpolar
solvents. To check the validity of several hypotheses, the
twisting motion of the dimethylamino group (according to the
TICT model) is taken into account as well as the wagging mode

and!L, states seem to lie energetically very close, and a strong of the amino group (WICT model) and the in-plane bending

state mixing is deduced from fluorescence experim@ifts5!

angle of the cyano group (RICT model). Evolution of excitation

This observation (substituent effect) is an excellent test for any energies, oscillator strengths, and dipole moments along these

theoretical method to prove its reliability, and thus, both
DMABA and DMABME have been included in our study.

reaction coordinates and a characterization of the excited singlet
states is presented. Additionally, the influence of wagged

Accurate methods for the description of excited states, such conformations on the twisting coordinate is analyzed. It will

as CASPT2® and multireference configuration interaction
methods (MR[SD]-CI®*are limited to relatively small systems

be shown that the DFT/SCI method produces results that have
at least CASPT2 quality at very little computational effort, which

with high symmetry. Recently, one of us developed a combina- makes it well suited for future studies on larger CT systems.

tion of density functional theory (DFT; for a survey of ground-

To the best of our knowledge, reliable theoretical investigations
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TABLE 1: Low Lying Excited Singlet States of Planar DMABN (C,,) at the DFT/SCI(VDZP) Level with Vertical Excitation
Energies AE (in eV), Oscillator Strenghsf, Dipole Momentsg (in D), and Weights of the Dominating One-Electron
Configurations in the ClI Wave Functions

state AE fa u energy one-electron transition

S 1B, 4.05 0.027 115 —0.079 13 HOMO— LUMO+1 83%

HOMO-1— LUMO 15%
S 2A; 4.56 0.658 16.0 —0.060 37 HOMO— LUMO 90%
S 2B, 5.70 0.118 14.2 —0.018 32 HOMO-1- LUMO 62%

HOMO-2— LUMO+1 24%
S 1A; 6.27 0.000 18.1 +0.002 47 HOMO— LUMO+2 80%
S 3A; 6.31 0.016 5.9 +0.003 90 HOMO-2—~ LUMO 85%
S 4A; 6.71 0.836 8.91 +0.018 65 HOMO-2— LUMO+1 76%

HOMO-4— LUMO 10%

aOscillator strength obtained from the lengths formalifotal energy+458 au.

for the first excited states of DMABA and DMABME are 3. Results

presented here for the first time. 3.1. Ground-State Properties and Vertical Excited States

_ _ of DMABN. The B3LYP/VDZP optimized ground-state ge-
2. Methods and Computational Details ometry of DMABN is found to be planar, possessify,
symmetry. The experimentally known pyramidalizafibf?

Fgrfan[;a,\r/\lirgeNratioannd d%finilt_ir?n of }he cloqrdirate dsystﬁm cannot be corroborated with the VDZP basis set. The slight
usedfor see Fgure o. e molecule is placed in the pyramidalization anglev found theoretically (21.2by CAS-

yzplane with the long molecular axis parallelzo The twisting SCF?) and deduced from experiments {42 and 13,7

angle is_ defined as the di_hedral angle of the dimethylamino respectively) is known to be separated only by a few kcal/mol
group with the benzene moie®y(C10-N9—C1—C2)). Gradual o 5 planar transition state @, symmetry. With a large

rotation by 10 from 0° to 90 is considered. For the plana¥ ( TZ2P basis set (see below) we correctly obtain at the B3LYP

= 0°) and perpendiculat(= 90°) conformationsCz, SYmmetry  aye| a nonplanar structure with = 14.2 and an inversion
is assumed, whereas the other computations are carried OUpprigr of approximately 0.1 kcal/mol. This negligibly small
employingC, symmetry. For wagging angles(for a definition barrier corresponds to the experimentally known free inversion

see Figure 2) values of*010C°, 20°, 3¢°, 40°, and 50 are motion of DMABN. The effect of a 20 pyramidalization on
considered. The RICT coordinate, defined by the bending angleine TICT coordinate is investigated in section 3.2.
7(C4—C7—N8), is computed in steps of 1Grom 180 (sp The calculated ground-state dipole moment of 8.0 D is in
hybridization) to 120 (~sp” hybridization), with an additional  reasonable agreement with experimental data, ranging from 5
computation at 110 Inspection of the results of Sobolewski ;5 7 p.11.12197575 The first six excited singlet states of
and Domckeé* shows that the CN bond length increases along p\vABN are characterized in Table 1 along with their excitation
the bending coordinate. This stretch motion is also in ac- gnergies, oscillator strengths, and dipole moments. The first
cordanc_e with the time-resolved infrared spectroscopy studiesgxcited state with Bsymmetry is dominated by the one-electron
of Hashimoto and Hamagucfii. Thus we decided to increase  excitation HOMO— LUMO+1, with a small contribution from
this distance linearly from 1.14 A (at = 180°) to 1.34 Aat  the HOMO-1— LUMO promotion and a partial CT from the
110°. Cssymmetry is used in these calculations, with DMABN dimethylamino to the benzene subunit. The;2#ate with
placed in theyz plane. almost exclusive HOMG~ LUMO character has a large dipole
All DFT calculations have been carried out with the TUR- moment (16 D) and a large oscillator strength and is observed
BOMOLE suite of program8&'6> We have tested various as the mostintense band in the absorption spectrum (cf. section
methods (AM1, HF-SCF, DFT) for the optimization of DMABN  4). The second and third excited states are of partial CT
in its ground state, but it turned out the DFT approach gives character. The third excited state with a slightly smaller dipole
the best results for the excitation energies and also the lowestmoment (14.2 D) is characterized by/@enzene= Toenzoniie
total excited-state energies. Throughout this work we employ excitation. The $state, with a dipole moment of 18.1 D, is
the nonlocal exchange correlation functional of Becke and Lee, characterized by a CT from the dimethylanilino to an in-plane
Yang, and Parr in its hybrid form, i.e., including some portion 7 orbital localized at the cyano group. The fifth and sixth
of exact HF exchange (B3LYPY.%7 If not stated otherwise, a  excited states 3Aand 4A are of locally excited (LE) character,
valence doublé- basis set including polarization functions on  mainly described byr* excitations within the benzene group.
all atoms (C, N, O; [3s2p1d]; H: 2slp, VDZ®)s used. All All higher excited states as computed by DFT/SCI are in good
reaction coordinate calculations were performed with the DFT- agreement with experimental data derived from electron energy
B3LYP/VDZP optimized ground-state geometry of DMABN, loss spectroscopf.
i.e., only the coordinate§, w, andy/rcy are varied, while the DMABN is known as the smallest compound emitting dual
other geometric parameters are kept fixed at their optimized fluorescence. Several other larger molecules that show this
ground-state values. In the SCI calculations the 1s electronsunusual spectroscopic property are of interest as a fluorescence
are kept frozen, while all valence and virtual orbitals are used probe in biological environmeritsr as chromophores with high
to construct the spin-adapted configuration-state functions (4620nonlinear optical propertie€. These large molecules can be
in C, symmetry). Results obtained with smaller basis sets are investigated by the DFT/SCI method as well, but the VDZP
of interest to forthcoming calculations on larger molecular basis set will lead to huge computation times. Thus we
systems. They are subject to a detailed investigation discussednvestigated the basis set dependence for some properties of
in section 3.1. For DMABA and DMABME the DFT-B3LYP/ the first two excited states of DMABN. The smallest basis is
VDZP optimized ground-state geometry with symmetry was the VDZ set where all polarization functions from the VDZP
employed in all calculations. set have been discarded. With the Vb basis the effect of
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u 11.82 11.42 11.49 11.39 41
f 0.029 0.026 0.027 0.030 0.04 4
2A; AE  4.65 4.57 4.56 452 44
u 17.16 15.92 15.98 15.64 14
f 0.700 0.663 0.658 0.663 0.33

a Exponents of the polarization functions: d(€)1.1, 0.3; d(N)= E
1.6, 0.5; p(H)= 0.8.°PRefs 11, 12, 19, 7475, 79.¢ Relative to the : 3.35eV
VDZ calculation, which took 6 min on one processor of a HP/CONVEX 2 § (exp.: 3.22eV)
PA8000 computer. :

TABLE 2: Effect of Different Basis Sets on the Vertical 6

Excitation Energies AE (in eV), Oscillator Strenghsf, and —bﬂe\

Dipole Moments g (in D) for the Three Lowest Singlet States i 4 '\v\v

of Planar DMABN 21B Yy, 5.9D

g 227

VvDZ VDZ+d VDZP TZ2P expt 5 /./o—— D

number of AOs 119 174 204 335 122 21A 11}. 18.5

CPU time 1.0 3.8 5.2 385 TA—a pe

ground state 808 798 800 7.99 57 11.5D ./K /A&iD

1B, AE 413 4.07 4.05 402 4.0 4P— & —0— &BA.SQLA

energy [eV]

adding d-functions to the non-hydrogen atoms is evaluated. The

results obtained with a triplé-valence basis set with two 15 :
polarization functions at the C and N atoms (C, N: 6s3p2d, H: E /._559
3slp, TZ2P®) can be considered to be near the basis set limit. 1 11A/./‘/'

It is obvious from inspection of Table 2 that the results depend 7.9D /./l/'
very little on the quality of the basis set employed. No change 0"._.’7 77T —TT"T7
in succession of the excited states is found. The excitation 0 10 20 30 40 50 60 70 80 90
energies decrease slightly with increasing quality of the basis twisting [degrees]

set. Even the VDZ basis yields excitation energies only 0.2 ) )
eV too high in comparison to experiment. The best basis set E‘g‘ﬁm‘:ﬁ u%Fc;‘/tShcél gﬂghen”(:'i'ta‘igf;%ypgg;’fg’\(Ae:Be’r\lggsrea'afﬂ‘r’]ititgntgf
used in our comparative study (TZZP) reproduce§ the experl-thzé dimethylamino twisting anglé (TICT).
mental results very accurately, i.e., within the experimental error
limits. The dipole moments and oscillator strengths are also probability and is discussed in detail in section 4. Energetically,
not subject to any significant changes. The VBZand even the 2A state stabilizes upon rotation and becomes the first
the VDZ basis set can therefore be used without reservationexcited state for angle§ larger than 40. At about 60 a
for larger molecules where the basis set requirements are knowmnminimum is located which is separated from a second local
to be of less importance. The results in Table 2 also underline minimum até = 90° by a barrier of approximately 7 kcal/mol
the efficiency of the VDZP basis set, which is used for all (0.3 eV). The planar conformation of the first excited state is
following calculations. The CPU time is less than twice as long stabilized by about 0.5 kcal/mol (0.02 eV) compared to the S
as for the VDZ-d set, but we notice an improvement of the perpendicular conformation but 5.2 kcal/mol (0.23 eV) higher
results. In contrast, the results determined with the TZ2P basisin energy than the minimum at 80 The one-dimensional
are only slighty better compared to those at the VDZP level, reaction coordinate without excited-state geometry optimization
but the CPU time increases by a factor of 8. does not represent the lowest energy path on the multidimen-
3.2. Potential Curves for the Twisting Mode. The results sional energy surface. Nevertheless, according to this crude
obtained for excitation energies and dipole moments for approximation, a barrier of 2.9 kcal/mol (0.13 eV) for the TICT
nonwagged DMABN along the twisting coordinaigin steps state formation from the 1B state is calculated. The vertigal S
of 10°, are presented in Figure 4. The free electron pair — S excitation energy found at = 60°, which should be
character of the HOMO increases along the reaction coordinate,compared with the maximum of the fluorescence band at 3.2
and foro = 90° the HOMO represents a pure free amino eV, is 3.35 eV.
electron pair. Thus, the CT character for all transitions that  Experimentally, the DMABN crystal structii®as well as
involve the highest occupied orbital increases significantly. The the ground-state structure estimated from microwave spectros-
total energy of the first excited state of B symmetry increases copy?shows a small pyramidalization angle at the amino group.
upon rotation and is, &= 90°, quite close to the second excited To take this effect into account, the calculations along the
state of B symmetry ($Satd = 0°), which is stabilized along  twisting coordinate are repeated with a pyramidalization angle
the path. These two B states show a different behavior in the w of 20°.
evolution of dipole moment. The partial CT character of the  The results are presented in Figure 5. The shape of potential
first B state, which is mainly described by the HOME© energy curves of the three excited states considered is very
LUMO+1 transition, increases from 11.5 to 18.5 D. On the similar to the nonwagged situation (see Figure 4). The dipole
contrary, the dipole moment of the 2B state decreases mono-moment of the first excited state rises from 11.2dD< 0°) to
tonically from 14.2 to 5.9 D and becomes of locally excited 19.3 D at the perpendicular conformation. Due to a complete
character ad = 90°. A different dipole moment evolution is  loss of symmetry, an avoided crossing of theaid $ states
found for the 2A state, which rises from 11.5 to 19.3 D upon at aboutd = 40° is now observed. The;$s characterized for
rotation from 0 to 90. Similarly, the oscillator strength  small twisting angles by an HOM©- LUMO+1 transition ),
decreases from 0.66 to 0.00 at°9Qvhere the transition is  while for large angles an intramolecular CT state is generated,
symmetry forbidden (A— Aj). This strong dependence of which is mainly described by a HOM& LUMO one-electron
the electric dipole transition moment values on the twisting angle transition (). Again, a minimum ad = 60° is found for the
is of particular importance for the TICT fluorescence emission first excited state. The hypothetical barrier between the minima
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Figure 5. DFT/SCI potential energy curves (energy relative to the
C,, minimum of the ground state) of pyramidab & 20°) DMABN
as a function of the dimethylamino twisting anglgTICT).

atd = 0° and the transition state at40° is computed to be 2.3
kcal/mol (0.10 eV), which is only 0.6 kcal/mol lower than in
the nonwagged calculation. The vertical emission from the
TICT minimum is now calculated to be 3.43 eV. Allin all we
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Figure 6. DFT/SCI potential energy curves (energy relative to the
Cz, minimum of the ground state) for DMABN as a function of the
amino group wagging angle (WICT).

LUMO. The dipole moment of this state increases from 5.2 D
(w =0°)t0 10.8 D @ = 50°). This transition is characterized
by & ng — MyensencEXCitation leading to an internal CT state,

conclude that the effects of small pyramidalization angles for therefore denoted as the WICT state. Nevertheless, no stabiliza-
the three lowest states along the twisting coordinate are tion in energy can be detected for the WICT state, which still

insignificant for a discussion of the photophysical behavior of
DMABN.

3.3. Potential Curves for the Wagging Mode. Gorse and
Pesquéet* postulated in their work that a pyramidalization of

remains the gfor donor-acceptor decoupled geometries (
=50°). The dipole moment of the WICT state (10.8 D) is still
smaller than the dipole moments for the first and second excited
states at the planar geometry with 11.5 and 16.0 D, respectively.

the dimethylamino group is also able to decouple the donor and  3.4. Potential Curves for the Rehybridizing Mode.
acceptor subunits so that a highly polar pyramidal (so-called Recently, a new model for the formation of a highly polar CT

wagged) intramolecular charge transfer (WICT) state is formed.

state in DMABN has been presented by Sobolewski and

The results of the calculations along the wagging coordinate Domcke?344 According to this model, the CT state is generated

o from a planar system witlw = 0° to a pyramidal sp
hybridized conformation witlw = 50° are presented in Figure
6. All calculations are carried out i€s symmetry; thus the
former 2/ state is now denoted as 2And the 1B state
becomes 1A. The ground-state potential curve is very flat up
to w values of 30. As expected, the dipole moment decreases
by 1.1 D tou = 6.8 D atw = 50° due to a decreased interaction
of the lone pair orbital with the benzonitrile fragment.

The total energies of all low lying excited states increase with
increasing pyramidalization, while their dipole moments de-

by an electron transfer from the dimethylaminobenzene donor

to the cyano acceptor group. This state is stabilized by

rehybridization from a linear sp to an in-plane bert sarbon
atom of the cyano group (RICT, rehybridization by intramo-
lecular charge transfer). Only the CASPT2 calculations of
Sobolewski and Domcke for the RICT pathway have been
published so far.

The first and second excited states ardlafymmetry in the
C; point group, which is used throughout these calculations.
The fourth excited state, with an excitation energy of 6.27 eV

crease monotonically as for the ground state. The energy gapat the planar geometry (RAstate in Cp, symmetry), is
between the first and second excited state remains almostcharacterized (see also section 3.1) as a CT transition from the
unchanged (approximately 0.5 eV), and also for the other excited dimethylanilino donor to the in-plan»e; acceptor orbital of the
states no significant changes are found. The lone pair charactecyano group, with a large dipole moment of 18.1 D. This

of the HOMO vanishes along the coordinate, and arbital

localized in the benzonitrile moiety is generated at large angles.

Therefore, the partial CT character for all transitions from the
HOMO decreases.
The seventh excited state (5Awith an excitation energy of

HOMO — LUMO+2 excitation thus represents the RICT state.
Contrary to the situation found along the TICT and WICT
pathways, the ground-state energy increases strongly along the
RICT coordiante (see Figure 7). The dipole moment decreases

significantly to 5.6 D aty = 110°. The low-lying 2A and 3A

about 7 eV and a dipole moment of 5.2 D, is characterized by excited states show a similar behavior for the total energy and

a dominating one-electron transition from the HOMO-2 to the

dipole moment evolution. A large energetic stabilization is seen
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Figure 7. DFT/SCI potential energy curves (energy relative to the
Cz, minimum of the ground state) for DMABN as a function of the
cyano group bending angie (RICT).

for the 1A' state in Figure 7. This state becomes the first
excited state for bending angles smaller than°l4hd a
minimum in total energy is found at almost complete rehybrid-
ization to a spcarbon atom between 13and 120. The wave
function and dipole moment of the RICT state change very little
along the coordinate. At = 130° a vertical 3 — Sy emission
energy of 3.24 eV is calculated. Although this value is quite

Parusel et al.

even more significant for thé, states (DMABA 15.8 D,
DMABME 14.9 D).

4. Discussion

The results of the DFT/SCI calculations for planar DMABN
are summarized in Table 4 and are compared with experimental
and some selected theoretical results. We list here only the 1B
and the 2A excited states, which have been investigated in other
computations as well.

The absorption spectrum of DMABN in-heptane shows a
strong band at 4.4 eV and a weak shoulder at 4.6%a\fficult
to resolve from each other. The electron energy loss spectrum
in the gas phase shows an onset at 3.9 eV and a strong signal
with a maximum at 4.56 eV, which is not very different from
the solution datd® There are two main sources for the
difference between both numbers. First, there is an uncertainity
in electron energy loss experiments(.1 eV)26 and second,
different environmental effects yield different energies. The
absorption spectrum was obtained in the solvedfiteptane,
whereas the electron energy loss vertical transition energies
result from gas-phase experiments. Our calculations are in
excellent agreement with the experimental findings. We
therefore attribute the strong signal at 4.4 eV, with an oscillator
strength of 0.66 (0.33 according to our measureni@nts the
allowed 2A transition having a calculated excitation energy of
4.56 eV. The weak shoulder is assigned to thestdte of B
symmetry, which is almost forbidden in absorptiésn = 0.04,
feaic= 0.03). The excitation energy of 4.0 eV agrees very well
with our result of 4.05 eV. The dipole moments are systemati-
cally too high, i.e., lying 0.52 D above the upper limits of the
experimental ranges, but changes in the dipole moments and
gualitative predictions are quite reliable. The CASPT2 results
by Serrano-Andreet al*2 and Sobolewski and Domcke“have
the same accuracy, although the,pole moment, calculated
to be 7.6 and 6.9 D, respectively, seems to be underestimated.
Concerning the dipole moments, DFT/SCI and CASPT2 are

similar to that obtained in the TICT case, we want to emphasize clearly superior to the semiempirical approaches listed, which

that the total energy of the RICT minimum is about 0.85 eV
higher than the TICT minimum &= 60°. The barrier between
the planar $ geometry and the transition state, i.e., the
intersection point of the 22and 1A' states, is calculated to be
17.6 kcal/mol (0.77 eV).

3.5. Excited States of DMABA and DMABME. The
results of the DFT/SCI calculations of the DMABN aldehyde
derivative (4N,N-dimethylaminobenzaldehyde, DMABA) and
the methyl ester derivative (methylM;N-dimethylaminoben-
zoate, DMABME) are summarized together with several
experimental data in Table 3. A low lyingrfi transition at
3.93 eV is computed for DMABA. The first excited state of
L, character at 4.04 eV is found only 0.15 eV lower in energy
than thel, state at 4.19 eV.

A similar situation is observed for DMABME. The first
excited state ok, character AE = 4.13 eV) is also quite close
to the S state ofL, character AE = 4.29 eV). The n*
transition for DMABME is calculated at 5.24 eV, strongly blue-
shifted in comparison to the aldehyde DMABA.

The energy gap between 8nd $ is thus much smaller for
DMABA and DMABME than in DMABN, where an energy
difference of 0.51 eV is obtained. Although no inversion of

give essentially no change in dipole moment between the A
and B states. The CIS method predicts the excitation energies
about 1.6-1.5 eV too high, and the wrong ordering (28elow

1By) is found. Thel, andL, states are known to be separated
by more than 0.4 eV from each other. The energy 4&(S,

— Sy) is reproduced accurately by DFT/SCI and CASPT2. The
CNDO calculations overestimate the energy gap slightly,
whereas INDO1 and AM1 underestimate it.

Two distinct emission bands are found in polar solvents; that
is, DMABN shows dual fluorescence. Also in the nonpolar
cyclohexane solvent a very weak shoulder at 3.2 eV is found
besides the strong normél, fluorescence at 3.6 e¥?. The
results of our calculations for 9@wisted DMABN along with
experimental results are summarized in Table 5. The DFT/
SCI data seem to be the best theoretical results available. The
fluorescence band energy of 3.35 eV of the intermediate twisted
geometry § = 60°) is about 0.6 eV lower than the CASPT2
results of Sobolewski and DomcKeand yields a better
description than all other semiempirical and ab initio results.
The experimental fluorescence maximum at 3.2 eV is in good
agreement with our result. The dipole moment of the emissive
2A state is determined experimentally to be-20 D (see Table

the ordering for the two states is found, we conclude that the 5). The DFT/SCI results of 19.3 D are again at the upper limit
S; and S states are located at almost the same energy and mayof experimental data, in contrast to the CASPT2 dipole moment
couple strongly with each other. The dipole moments for the of 15.6 D#2

nz* states are quite small (DMABA 0.5 D, DMABME 3.0 D),
and bothL, and Ly are of highly dipolar character, which is

A discrepancy compared to other computations is found for
the evolution of the dipole moment of the 1B state along the
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TABLE 3: Comparison of Experimental and Calculated (DFT/SCI(VDZP)) Vertical Excitation Energies (AE, in EV) and
Dipole Moments (, in D) for DMABAc, DMABA, DMABME, DMAEE, and DMABN. The Experimental Data Refer to
n-Hexane Solution

DMABA DMABME
DMABAC DET/SCI DET/SCI DMABEE DMABN
expt expP - = expf - == expt expe
AE AE AE u AE AE u AE AE
Lp 4.0 4.04 12.7 4.13 8.2 4.0
La 4.1 3.8 4.19 15.8 4.6 4.29 14.9 4.1 4.4
n* 35 3.93 0.5 5.24 3.0

2 Ref 45.° Ref 46.¢ Ref 47.9Ref 49.¢Refs 11, 12, 19, 7475.7u = 14 D#

TABLE 4: Comparison of Experimental and Theoretical Vertical Excitation Energies (AE in eV), Oscillator Strenghts (), and
Dipole Moments ( in D) of Planar DMABN ( Cy,)

theoretical method

expe CNDOZP INDO1°¢ AM1/CISDA Cls® CASPT2 DFT/SCI
S u 5-7 5.6 9.5 7.4 7.9
2A; AE 4.4 4.87 4.63 4.09 5.26 4.41 4.56
f 0.33 0.242 0.335 0.285 0.638 0.416 0.658
u 11-14 8.4 10.7 9.1 13.8 16.0
1B, AE 4.0 4.28 4.40 4.01 5.66 4.05 4.05
f 0.04 0.019 0.06 0.017 0.058 0.010 0.027
u 8—11 9.0 9.4 5.4 7.6 11.5

aRefs 11, 12, 19, 7475, 79.° Ref 6.° Ref 25.9 Ref 84.¢ Parusel, A. Unpublished results (3-2G*). f Ref 42.

TABLE 5: Comparison of Experimental and Theoretical Vertical Excitation Energies (AE, in eV), Oscillator Strengths (), and
Dipole Moments (, in D) of Twisted DMABN (C,,)

expe CNDOP INDO1° AM1/CISD? cls CASPTZ DFT/SCP
S 1 5-7 0.7 3.6 6.3 5.5
1A AE 3.2 4.71 4.20 4.92 6.20 3.94 3.44 (3.35)
f 0.00 0.00 0.000 0.014 0.000 0.000 (0.193)
u 14-20 14.0 19.1 14.6 15.6 19.3 (18.8)
1B, AE 3.6 4.48 4.85 4.45 6.19 5.23 4.39 (4.53)
f 0.013 0.000 0.001 0.188 0.003 0.000 (0.004)
u 5.41 42 5.4 5.7 18.5 (5.9)

aRefs 11, 12, 19, 7475, 79.° Ref 6.°¢ Ref 25.9 Ref 84.¢ Parusel, A. Unpublished results (3-26*). f Ref 42.9 The values in parentheses
refer to theC, minimum at 60 (2A state) and to the 2B state in the 1B state section of the t&Bk, for planar DMABN.' 1B, for planar
DMABN.

twisting coordinate. In general, a decrease is computed with similar to the planar structure, i.e., 4.06 and 4.57 eV, respec-
all other methods, whereas a significant rise up to 18.5 D is tively. Our total excited-state energies for the wagged form
found by DFT/SCI. As the 1B state is also of CT character along the twisting coordinate are essentially the same or lie
(an excitation from the lone pair at the nitrogen atom to the slightly above the corresponding nonwagged values and there-
benzonitrile acceptor subunit is involved), the increase of the fore support the common picture that the DMABN amino group
dipole moment is explained by the increasing lone pair characterin its emitting state is planar with a $pybridized nitrogen.
of the HOMO orbital upon rotation. At first sight it seems quite surprising that the amino group
Gedeck and Schneid@rdenote the second state of B inthe emitting TICT state is not fully twisted to 90 However,
symmetry a TICT-2 state. This highly polar state is placed in also CASPT2 calculations find a flat potential curve for the
our calculations very near the 1B statedat= 90°, whereas state with a shallow minimum at intermediate twisting an¢&8.
semiempirical calculatiodéfind it at higher energiessy). In Because the oscillator strength of the A state depends critically
their treatment the locally excited 2B state is lowered in energy on the twisting angle, it seems possible to derive some
and becomes the lowest excited state of B symmetry for information about this geometric property from a comparison
perpendicular geometif. However, this state crossing is not of theoretical and experimental data. Ti&) depdendence of
found in our investigation. The locally excited HOMO=% the A state has been investigated by Calzaferri and Rytz
LUMO excitation remains energetically above the 1B CT employing the extedend Hisel method. They also reached
excited state of HOMO—~ LUMO++1 character. The dipole the conclusion that the emitting TICT state cannot be fully
moment of 5.9 D§ = 90°) for the LE state is in good agreement twisted, that the TICT emission B polarized, and that their
with the theoretical results obtained by the CASPT2 method finding is in agreement with the experimental observations.
(5.7 D)#2 In the calculations for the wagged conformation of In our C, calculations the oscillator strength for the A state
twisted DMABN (6 = 90° andw = 20°) this LE state of B decreases from 0.66 at= 0° to 0.193 ato = 60°. At 6 =
symmetry is located almost at the same energy as the CT state/0° the transition is already quite weak with= 0.08, and it
with B symmetry AE(2B — 1B) = 0.02 eV) and can thus  becomes completely forbidden {A— A, at 6 = 90°.
account for a small dipole moment of the 1B state at a pyramidal Experimentally, the situation is less clear. According to the
geometry. No explicit experimental data are available concern- most reliable data from Schuddeboom et'athe ratio of the
ing the 1B dipole moment. radiative lifetimes of the A(TICT) and B(LE) states is about
The excitation energies for the lowest B and A states of the 0.4 in solvents of low polarity. Thus, if we takg: = 0.04281
wagged conformation of DMABN are calculated to be very we arrive at an estimation éf= 0.016 for the emitting TICT
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A S5 Zachariasse et &%23 postulate two close lying excited states
\/ for DMABN which strongly couple with each other. This small

A energy gap between the LE and CT states should cause a
decoupling of the nitrogen lone pair from theelectrons of
: the benzonitrile subunit. However, this solvent-induced vibronic
o) decoupling requires a small energy gap, which is not found in
: our calculations. Independently from the wagging motion, the
Sy energy gap between &nd $ remains almost constant. A value
of about 0.5 eV by far exceeds the gap required for an efficient
vibronic coupling. Nevertheless, the highly polar Sate is
stabilized more efficiently in polar solvents than the less polar
L, state Au = 4.5 D), which may result in a smaller energy
gap in polar solvents. We cannot corroborate the model of
Zachariasse et al. by our gas-phase calculations but can also
not exclude its importance for solvated DMABN.

So Finally we have examined the rehybridizing motion of the
cyano group. The former B and A states as well as the ground
— r — — state show a similar increase in total energy upon bending the

rehybridization y twisting & cyano group out of the linear arrangement. The promotion of
Figure 8. Schematic potential energy curves for the ground and first an electron out of the HOMO into the LUMER, which is of
excite_d states of DMABN alo_ng th_e twisting and rehybridization cyano in-planet; character, describes the formation of the so-
coordinate pictured on a two-dimensional hypersurface. called RICT state. For bending angles smaller thar® 143
state. This corresponds to a twisting angle of abouit 86., RICT state becomes the first excited state. Similar to what was
larger than predicted by our DFT/SCI calculations °j6@nd found with CASPT2344the elongation of the CN bond lengths
by the CASPT2 method (about 3953289 However, it should significantly stabilizes the RICT state along the path. The
be mentioned that the potential surface in this region is very transition state on the hypersurface from thestate toward a
flat and that the dipole moment increases with increasing stabilized RICT state is calculated to be 17.6 kcal/mol (0.77
twisting angle so that even in nonpolar solvents the minimum eV). The RICT state is 19.6 kcal/mol (0.85 eV) higher in energy
may be near 90 However, anf value of 0.016 (which than the TICT minimum a® = 60°. Thus, even in polar
corresponds t@max Of about 1006-2000 M1 cm™1) seems to solvents the TICT pathway for DMABN is thermodynamically
be too high, so that it can be explained to result from an A and kinetically favored against the RICT reaction. A similar
state by vibronic coupling or intensity borrowing. (The conclusion concerning the thermodynamic aspect has been
calculatedf values change very little in thé = 90°/w = 20° obtained only at the CASPT2 lev#.

geometry, i.e., ned,, symmetry is retained for small wagging TheL, andL,, states of the keto derivatives of DMABN are
angles. Intensity borrowing is also very unlikely because the energetically almost equal. A strong mixing between both states
nearest lying state with a significant transition moment (3A at pas heen observed experimentally, so that these excited states
5.31 eV withf = 0.435 in our treatment) is too far away.) Thus,  ¢qy|d be assigned only by an analysis of the transition moment
we conclude that the theoretical prediction of an incompletely yiractionss! The experimental, absorption band of DMABN
twisted TICT geometry in the gas phase does not contradict 5+ 4 4 ey shows a strong red-shift for DMABAc (4.1 eV),
any experimental results and that the geometry of the soIvatedDMABA (3.8 eV), and DMABEE (4.1 eV). Thé,absorption

TICT state seems to have about'8®ist angle. energy of 4.6 eV for DMABME is not correct in our opinion,

The results of our calculations are qualitatively summarized because a red-shift is to be expected for DMABME as for all
in Figure 8. After photoexcitation to the second excited state other keto derivatives. A slight blue-shift of the band is

(2Aq), radiationless deactivation ta §1B,) occurs via internal obtained in our calculations, but the state still remains located

conversion. The system relaxes into the minimum of the planar below theL, The energy gaps are less than 0.16 eV, in
1B state, out of which the normal LE fluorescence occurs. The . g .
agreement with the experimental observation that the apolar

activation barrier for the TICT state formation (about 2.5 kcal/ solvent hexane already causes the inversiob,cdndLs. In

mol) seems to be slightly underestimated because no Olualourcalculations we obtain a significant red-shift for thgband
fluorescence in the gas phase is observed (a barriedoD& of DMABA (4.19 eV) and DMAgBME (4.29 eV) in comparison
kcal/mol can be estimated in an alkane solvent according to to DMABN (4.56 eV), again in agreement with experiment.

the experimental results of Hicks et®). : :
: . The small experimental blue-shift for the band of DMABEE?
The present theoretical study strongly supports the formation . .
P y g SUpp of approximately 0.1 eV is also accurately reproduced (0.08

of a twisted intramolecular CT state in DMABN which stabilizes
by rotation to an energy somewhat lower than that of the 18 €V)- We therefore are able to comprehend the nearly dqual
state at nontwisted conformations. A destabilization in energy @1dLo energies caused by a slighgblue-shift and a significant
and decrease in dipole moment of the ground and all excited La "éd-shift.

states is computed along the wagging coordinate, thus disfavor- The n7* transition of DMABA is experimentally found to

ing the wagging motion in general. Only the seventh excited be the first excited state at 3.5 eV and computed at 3.93 eV by
state (5A) shows an increase in dipole moment (10.8 yat DFT/SCI. This quite large error may be traced back to the
50°) and some decoupling of the donor from the acceptor group strong nonvertical nature of this transition (large geometric
for large wagging angles (WICT state). The slight increase  relaxation in the-=CHO group). In DMABEE the n* state is

of the dipole moment may not be sufficient to stabilize the S experimentally found at higher enerdiéand obtained as the
state in polar solution below the TICT state because both the third excited state by our calculations (at 5.24 eV). The DFT/
S; and S dipole moments are even larger at planar geometries. SCI method is capable of giving the correct assignment of the

energy

fluorescence

absorption
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fluorescence
fluorescence
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