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Abstract: We performed a detailed theoretical analysis of femtosecond transient infrared spectra to determine
excited-state structures involved in photoinduced intramolecular charge transfer (ICT) in 4-(dimethylamino)-
benzonitrile (DMABN). For comparison, 4-aminobenzonitrile (ABN) is studied. We present the first ab initio
CASSCF study with all states under consideration being fully optimized. We derive two different models for
the locally excited (LE) states: a planar and a novel pyramidal conformation. Three different mechanisms are
treated for the ICT state formation: the twisted ICT (TICT), the pseudo-Jahn-Teller ICT (PICT), and the
rehybridized ICT (RICT) models. By use of this combined theoretical and experimental approach, we can
evaluate the respective models and thus provide new insight into the ICT process. We assign a pyramidal LE
state to ABN, and, in contrast, a planar LE state to DMABN. We can conclusively rule out RICT as the ICT
mechanism in DMABN. Although our results favor TICT as the ICT mechanism in DMABN, a final statement
cannot be made. We predict, however, that determination of the position of the, as yet, unobserved phenyl-
amino stretching vibration will substantiate a definitive explanation of the ICT mechanism in DMABN.

1. Introduction

Recent development of femtosecond time-resolved spectros-
copy has enabled the investigation of ultrafast photochemical
reactions.1 Absorption and fluorescence techniques are widely
used in this context. They provide valuable insight into reaction
dynamics, but only limited information on molecular structures.
Thus, reliable knowledge about molecular structures associated
with short-lived intermediates in photochemical reactions is still
rare. Femtosecond time-resolved vibrational spectroscopy is
clearly superior to this approach, because it gives information
not only on dynamics but also on structural characteristics of
the molecule in the course of the reaction.2 Variations in
frequency and intensity of the bands can already give hints about
structural changes evolving during the chemical reaction.
However, complete structural resolution from experimental
infrared spectra alone cannot be expected, not even for medium-
sized molecules.

Substantial progress in theoretical methods, in particular
complete active space self-consistent field (CASSCF) calcula-
tions, has been achieved in elucidating photochemical reactions.3

But frequently, such calculations yield several different models
or mechanisms with competitive pathways, the evaluation of
which solely based upon theoretical results is generally impos-
sible. Thus, the allocation of excited-state structures and
information about photochemical reaction mechanisms can only
be successfully obtained by experimental and theoretical efforts

in conjunction. Therefore, we introduce the combined approach
of femtosecond infrared spectroscopy and ab initio CASSCF
calculations of excited-state structures and vibrational patterns
to study photochemical reactions.

The nature of excited states involved in photoinduced
intramolecular charge transfer (ICT) reactions is a matter of
considerable and current dispute.4 A prototype is the ICT
reaction in photoexcited 4-(dimethylamino)benzonitrile (DMABN,
Chart 1). A remarkable feature of this reaction is the occurrence
of dual fluorescence, which was discovered 40 years ago.5,6

Obviously more than one transient species is formed during the
reaction. It has been established that the short-axis-polarized
normal fluorescence band (Lb-type) arises from a moderately
polar locally excited (LE) state. The long-axis-polarized and
red-shifted anomalous band (La-type) has its source in a highly
polar charge-transfer (CT) state. Since its initial discovery, dual
fluorescence has been found in a variety of other donor-
acceptor compounds with the two moieties linked by a single
bond.7-19 Fluorescence decay measurements demonstrated that
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a small energy gap between the interacting states is an essential
prerequisite for the ICT process in these molecules.

A multitude of experimental4-19 and theoretical gas-20-26 and
solution-phase27-36 studies on the nature of the ICT process in
DMABN have been published. None of them was able provide
conclusive evidence for excited-state structures. Some indication
of the gas-phase structure of the LE states of DMABN37,38and
4-aminobenzonitrile (ABN, Chart 1)39 has been gained by
rotationally resolved fluorescence. The LE state of DMABN is
supposed to be 30° twisted with a planar amino group.37 This
is in accord with a Franck-Condon intensity analysis of mass-
resolved excitation spectra.40 The phenyl-amino and phenyl-
cyano bond lengths are expected to decrease upon excitation.37

However, recent fluorescence excitation experiments under
isolated, supercooled conditions indicate that DMABN is planar
in the LE state.38

ABN does not exhibit dual fluorescence, neither in solution
nor in the gas phase, and hence does not undergo charge
transfer.12,13 Rotationally resolved excitation spectra indicated
that the pyramidalization of the amino group as well as the
untwisted conformation remain unchanged upon excitation.39

The experimental findings are consistent with an expanded
benzene ring with the four C-C bonds adjacent to the
substituents increasing more than the remaining two C-C bonds,
a contracted phenyl-amino bond and a slightly reduced CtN
bond length. Further information on LE structures has been
obtained by semiempirical27,32,33and ab initio calculations, using
CI singles (CIS).25

In recent times the discussion about the nature of the CT
state of DMABN has been concentrated on three different
models (Chart 2). Within the twisted ICT (TICT) model7,8 the
charge separation in the CT state is supposed to result from
complete decoupling between the amino and benzonitrile
moieties by twisting the amino group into a perpendicular
position.4,7-11

Solvent-induced vibronic coupling of the LE and CT states
is assumed in the pseudo-Jahn-Teller model to form a
conjugated planar CT (PICT) state.12-17 The coupling is
supposed to be mediated by the amino group inversion mode.
The PICT model implies that planarization of the initially
pyramidalized molecule corresponds to the rate-determining step
in the ICT reaction. In contrast to assumptions underlying the
TICT model, the amino and benzonitrile moieties are strongly
coupled in the PICT state.

The pseudo-Jahn-Teller model has also been interpreted as
a change from planar sp2 to pyramidal sp3 hybridization of the
amino nitrogen, inducing a decoupling of the nitrogen lone pair
from the benzene ring, thereby increasing the charge separation
(wagged ICT model, WICT).13,14 However, by calculating
potential energy surfaces along the wagging coordinate it was
shown that the increase of the inversion angle is unable to
produce the required highly polar state.20,21,26,27,33Thus the
WICT model is not considered further here.

Rehybridization of the cyano carbon atom from sp to sp2

entailing a bent cyano bond is the key feature of the rehybridized
ICT (RICT) model, which was deduced from results of ab initio
CIS optimizations by identifying a corresponding excited-state
minimum.22-24

Recently, the first femtosecond UV pump midinfrared probe
study on DMABN and ABN in acetonitrile has been presented.41

Transient infrared absorption spectra with striking differences
for the LE states of DMABN and ABN as well as a transient
spectrum for the CT state of DMABN have been reported.41

Understanding the features of the transient infrared spectra is a
key to resolve excited-state structures and the ICT mechanism.
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This article gives a detailed theoretical analysis of the recently
published experimental results.41 It is the first ab initio CASSCF
study with all states under consideration being fully optimized.
We present two potential structures for the LE states of ABN
and DMABN, a planar and a novel pyramidal conformation.
Results are obtained for all CT models under consideration. In
particular we will show that the individual optimization of the
planarLa-type state (2A1) of DMABN yields a conjugated PICT
state with high polarity. Implications for the ICT mechanism
will be discussed in the light of the present combined experi-
mental and theoretical results.

2. Computational Methods

The CASSCF methods implemented in the program packages
GAUSSIAN94/98 and MOLPRO96/98 have been applied for all
calculations.42,43The 6-31G(d) basis set with polarization functions on
heavy atoms was used throughout.44,45To keep geometry optimizations
and vibrational normal-mode analyses affordable, the active space was
restricted to four electrons distributed over four orbitals for nontwisted
structures (4e/4o). These are the highest occupied and unoccupieda2

(a′′) andb1 (a′) orbitals in theC2V (Cs) point group (cf. Figure 3). For
90°-twisted conformations (TICT) the doubly occupied lone pair orbital
of the amino nitrogen, which hasb2 (a′′) symmetry, has been added
(6e/5o).

Single-point calculations have been performed with extended active
spaces, which included all benzeneπ orbitals combined with the amino
nitrogen lone pair orbital as well as the cyanoπyz andπxz orbitals (12e/
11o). These results show, in agreement with previously reported
calculations, that the small active space chosen for geometry optimiza-
tion and vibrational analyses ensures a qualitatively correct description
of the electronic wave function and the geometry.20-24,26

Vibrational frequencies have been calculated analytically (cpu time
≈ 10 h on SGI Origin 2000/2 Gb RAM) as well as numerically (cpu
time ≈ 40 h), showing only small deviations. CASSCF infrared
intensities are available only by numerical differentiation. To be
consistent, all reported frequencies have been taken from numerical
calculations and were scaled by the standard factor of 0.9.46 The step
size for numerical differentiation has been varied from the default value
of 0.5 pm down to 0.1 pm. Usually intermediate values were found to
produce reasonable results. In some cases, other settings resulted in
artifacts, i.e., imaginary frequencies, which are absent with analytical
gradients, or unreasonably high frequencies and intensities. Numerically
calculated frequencies turn out to be rather stable with regard to the
choice of parameters for numerical vibrational analysis.

Sensitivity of calculated infrared intensities to various parameters
is a well-documented phenomenon.47 However, it has been shown that
qualitative features of the infrared spectrum, such as the order and

approximate ratio of intensities, are correctly predicted if at least split-
valence polarized basis sets, such as the one used here, are applied,
whereas absolute values may deviate.48

Dynamical electron correlation is well known to have a marked effect
on energies.20-24 Algorithms taking dynamical correlation effects into
account are not yet available for CASSCF optimizations and calculations
of infrared spectra. However, geometries are expected to be much less
sensitive to the level of theory than energy calculations.

Molecular properties such as geometries, dipole moments, vibrational
spectra, and normal modes can be altered in polar solvents49 such as
acetonitrile, which was used in the femtosecond transient infrared
study.41 The influence of polar solvation on the dipole moment of
DMABN was estimated from AM1-CI reaction field calculations by
Gedeck and Schneider.27 They found that the dipole moments are
increased in going from the gas phase to acetonitrile from 5.7 to 7.3 D
for the ground state, from 11.8 D (in diethyl ether) to 12.5 D for the
LE state, and from 14.8 to 15.9 D for the TICT state. This moderate
increase suggests that the effect on geometries is also of minor
importance. Ground-state vibrational frequency shifts for the vibrational
modes under consideration between the gas phase or unpolar solvents
(CCl4), respectively, and the polar solvent acetonitrile are less than 5
cm-1 for ABN and DMABN.50,51 This indicates that the relevant
molecular properties of ABN and DMABN are not changed consider-
ably by polar solvation, and, therefore, that the vibrational spectra are
reasonably described by gas-phase calculations for these molecules.

3. Results

3.1. Ground State.Optimized ground-state geometries of
ABN and DMABN are in good agreement with X-ray crystal
structures as well as results from previously reported calculations
(Tables 1 and 2). The numbering of atoms is given in Chart 1.
A comparison of geometries for ground and excited states is
depicted in Figure 1 for ABN and in Figure 2 for DMABN. It
has been shown by previous computational studies that the
resulting angle of pyramidalization (inversion angle) of the
amino groupθ (Chart 1) strongly depends on the theoretical
level.23,25The CAS(4e,4o)/6-31G(d) approach employed in this
work calculates the inversion angle in ABN to 41.6° and to
22.2° in DMABN, which are slightly larger than known
experimental values of 34° for ABN and 11.9° and 15°,
respectively, for DMABN.37,52 Accordingly, the N1-C1 bond
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Table 1. Ground-State Geometries for ABN: Point Group and
State Symmetries, Dipole Momentsµ (in D), Bond Lengths (in pm),
Pyramidalization Angleθ (Chart 1), and Sum of Bond Angles at the
Amino Nitrogen Atom

CAS(4e,4o)/
6-31G(d)a

CAS(12e,9o)/
DZPb

B3LYP/
6-31G(d)c exptld

symmetry Cs: 1A′ C2V: 1A1 Cs: 1A′ Cs: 1A′
µ 6.0 6.9 6.8 6.6e

N1-C1 139.1 136.7 138.5 137.0
C1-C2 139.3 139.9 140.9 140.5
C2-C3 138.6 139.1 138.6 136.9
C3-C4 139.6 139.9 140.7 139.8
C4-C5 144.4 144.6 143.0 143.1
C5-N2 113.6 115.8 116.5 114.8
C2C1N1H3 25.6° 0.0°
θ 41.6° 0.0° 34° 34°
Σ(N-angle) 341.2° 360.0° 341.7° 346°

a This work. b Reference 21.c Reference 25.d X-ray crystal structure,
ref 52. e Dipole moment in 1,4-dioxane (25°C), ref 13.
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lengths turn out to be somewhat longer in comparison to crystal
structure values due to the lower degree of conjugation between
the nitrogen lone pair and the phenyl ring. This entails
underestimated force constants and vibrational frequencies,
which are somewhat too low in comparison to experimental
values (vide infra). The strength of the cyano triple bond is
overestimated and turns out to be a little too short with respect
to crystal structure values. It should be noted that Serrano-
Andrés et al. suggested that the measured C2-C3 bond lengths
are too small.21

Computed dipole moments can be compared with those
reported by Schuddeboom et al.13 in 1,4-dioxane solution. The
computed dipole moment of 6.0 D for ABN is only slightly
smaller than the experimental value of 6.6 D, whereas the dipole
moment of 6.6 D for DMABN matches the experimental value
exactly. The fact that the applied CASSCF method is able to
reproduce the experimentally determined pyramidal character
of the ground-state molecules validates this method as an
adequate approach to describe a possible change of pyramidal-
ization toward planarization in excited states.

3.2. Locally Excited States.For both ABN and DMABN,
pyramidal as well as planar LE states have been localized by
geometry optimization (Figures 1 and 2, Tables 3 and 4). In
both molecules the respective structures exhibit similar char-
acteristics. The pyramidal states belong to the 1A′′ representation
in Cs symmetry and the planar states to the 1B2 representation
in theC2V point group. However, these representations transform
into each other, so that both states correspond to local minima
on theLb-type potential energy surface. In both cases the S1 f
S0 transition is calculated to be short-axis polarized, in agreement
with the experiment. In the case of ABN, an imaginary
frequency corresponding to ab1 symmetric in-plane deformation
mode has been detected. However, this imaginary frequency
disappears without affecting the geometry to a noticeable extent
when a different basis set (cc-pVDZ) is used, in agreement with
observations from CIS calculations reported by Lommatzsch
and Brutschy.25

Table 2. Ground-State Geometries for DMABN: Point Group and
State Symmetries, Dipole Momentsµ (in D), Bond Lengths (in pm),
Pyramidalization Angleθ (Chart 1), and Sum of Bond Angles at the
Amino Nitrogen Atom

CAS(4e,4o)/
6-31G(d)a

CAS(12e,9o)/
DZPb

B3LYP/
cc-pVDZc exptld

symmetry Cs: 1A′ Cs: 1A′ C2V: 1A1 Cs: 1A′
µ 6.6 6.4 7.5 6.6e

N1-C1 138.6 138.8 137.7 136.7
C1-C2 140.1 140.6 142.0 140.0
C2-C3 138.5 139.1 138.8 137.0
C3-C4 139.4 139.9 140.7 138.8
C4-C5 144.4 144.6 143.2 143.4
C5-N2 113.7 115.7 116.6 114.5
N1-C6 144.7 146.0 145.2 145.6
C2C1N1C6 13.6° 21.2° 0.0°
θ 22.2° 0.0° 11.9°, 15°f

Σ(N-angle) 354.9° 360.0° 358.5°
a This work. b Reference 21.c Reference 25.d X-ray crystal structure,

ref 52. e Dipole moment in 1,4-dioxane (25°C), ref 13. f Reference
37.

Figure 1. CASSCF-optimized geometries for ABN, with bond lengths
in picometers.

Figure 2. CASSCF-optimized geometries for DMABN, with bond
lengths in picometers.

Table 3. Locally Excited (LE)-State Geometries for ABN: Point
Group and State Symmetries, Dipole Momentsµ (in D), Bond
Lengths (in pm), Pyramidalization Angleθ (Chart 1), and Sum of
Bond Angles at the Amino Nitrogen Atom

CAS(4e,4o)/6-31G(d)

LE (pyramidal)a LE (planar)a
CIS/cc-pVDZ,
LE (planar)b

symmetry Cs: 1A′′ C2V: 1B2 ∼C2V: 1B2

µ 5.4 7.4 8.0
N1-C1 139.7 135.5 133.8
C1-C2 138.7 144.4 142.5
C2-C3 144.6 144.8 141.1
C3-C4 146.9 138.6 141.3
C4-C5 141.6 145.0 143.7
C5-N2 114.0 113.6 114.0
C2C1N1H3 26.9° 0.0° 0.0°
θ 43.9° 0.0° 0.0°
Σ(N-angle) 339.0° 360.0° 360.0°

a This work. b Reference 25.

Table 4. Locally Excited (LE)-State Geometries for DMABN:
Point Group and State Symmetries, Dipole Momentsµ (in D), Bond
Lengths (in pm), Pyramidalization Angleθ (Chart 1), and Sum of
Bond Angles at the Amino Nitrogen Atom

CAS(4e,4o)/6-31G(d)

LE
(pyramidal)a

LE
(planar)a

AM1-CAS
(6e/5o),

LE (planar)b

AM1-CISD
(6e,6o),

LE (planar)c

symmetry Cs: 1 A′′ C2V: 1B2 C2V: 1B2 C2V: 1B2

µ 6.0 9.6 8.0
N1-C1 139.3 136.9 136.6 136.5
C1-C2 139.5 143.2 143.3 141.5
C2-C3 144.6 144.8 140.4 140.5
C3-C4 146.5 138.4 141.3 141.5
C4-C5 141.5 145.0 141.5 142.2
C5-N2 114.1 113.7 116.2 116.1
N1-C6 144.8 145.6 144.4
C2C1N1C6 15.4° 0.0° 0.0° 0.0°
θ 25.0° 0.0° 0.0° 0.0°
Σ(N-angle) 353.3° 360.0° 360.0° 360.0°

a This work. b Reference 33.c Reference 27.
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For pyramidal conformations the geometry changes upon
excitation are predominantly localized in the benzonitrile moiety.
The degree of pyramidalization and the dipole moments remain
basically unchanged. Instead, in the planar structures the aniline
part experiences structural reorganization and the dipole mo-
ments are moderately increased.

In the pyramidal structures the C2-C3 and C3-C4 bonds are
considerably expanded and the cyano group steps into conjuga-
tion with the neighboring C4-C5 bond. The magnitude of
pyramidalization of the amino groups is slightly increased by
2-3° and the dipole moments of both molecules decrease by
0.6 D with respect to the ground state.

In the planar structures the phenyl-amino bond (C1-N1)
gains partial double-bond character, leading to a moderately
increased conjugation and a partial charge transfer between the
amino group and the benzene ring (Tables 3 and 4). The benzene
bonds adjacent to the amino group as well as the central benzene
bond lengths extend noticeably. The nitrile part is barely
affected. Consequently, the planar LE states exhibit increased
dipole moments of 7.4 D for ABN (∆µ ) +1.4 D with respect
to S0) and 9.6 D for DMABN (∆µ ) +3.0 D). For the LE state
of DMABN, the calculated dipole moment is in agreement with
the experimental value of 9-10 D, whereas for ABN this dipole
moment is noticeably smaller than the reported experimental
value of 8.0 D (in cyclohexane).13

The difference between pyramidal and planar structures arises
from varying contributions of the single excitationsa′ (5b1) f
a′′ (3a2) (pyramidal, ABN) 44%, DMABN ) 42%; planar,
ABN ) 73%, DMABN ) 83%) anda′′ (2a2) f a′ (6b1)
(pyramidal, ABN) 31%, DMABN ) 32%; planar, ABN)
11%, DMABN ) 6%) to the LE-state wave functions (cf. Figure
3). In ABN, the highest occupied molecular orbital (5b1) is
largely localized in the benzene ring, whereas in DMABN it is
more concentrated on the amino nitrogen. Thus, single excita-
tions from this orbital into the 3a2 antibonding orbital exhibit
CT character, which is stronger in DMABN than in ABN.

Similar planar LE states have been described previously on
the basis of ab initio CIS calculations25 for ABN (Table 3) and
semiempirical AM1-CI calculations for DMABN (Table 4).27,33

These results slightly deviate from ours in the fact that the
central C2-C3 bond is less expanded and the C3-C4 bond is
slightly increased instead of decreased. Planar excited states have
also been reported for aniline on the basis of CIS/6-31+G(d)
calculations.53-55 It was shown that the inclusion of diffuse basis
functions results in quinoid-like structures, whereas omission
of diffuse functions leads to expanded central C2-C3 bonds, in
accordance with results from the present study.

3.3. Charge-Transfer States. TICT. It was shown by
previous calculations that the shape of the adiabaticLa-type
potential energy surface along the twist coordinate strongly
depends on the level of theory such that the lowest energy occurs
either at planar33 or perpendicular24,34structures or at intermedi-
ate twist angles.20,21,24,26Irrespective of the level of theory, all
calculations agree in the fact that the dipole moment rises with
increasing twist angle. This strongly suggests that, in polar
solution, perpendicular or at least close to perpendicular
structures are populated.33,34At the CAS(6e/5o) level employed
in this work, the 90° twisted structure corresponds to a true
minimum on the potential energy surface, as confirmed by

vibrational analysis (Figure 2, Table 5). This is in agreement
with calculations of Sobolewski and Domcke.24

The electronic wave function of the TICT state (1A2) is fully
characterized by a single excitation from the localized amino
nitrogen lone pair orbital (b2) to theb1 π* orbital located entirely
in the benzonitrile moiety (cf. Figure 3). However, the A2 f
A1 transition is symmetry forbidden, so no fluorescent emission
is expected for the perpendicular configuration. Two reasons
explaining the experimentally observed fluorescence have been
put forward: either vibronic coupling with ana2 symmetric
normal mode is operative or fluorescence occurs before the
perpendicular twist is reached.24 The dipole moment of 15.6 D
calculated here coincides with known experimental data (15-
16 D).13

The structure of the TICT state has been analyzed before by
various groups. The benzene ring of the TICT state calculated
here exhibits a quinoidal conformation, in agreement with CIS/
3-21G calculations.22 On the AM1-CISD level, the quinoidal
pattern is less pronounced.27 The cyano bond length (C5-N2,
Table 5) increases slightly. In contrast to CIS/3-21G22 as well
as AM1-CISD27 calculations, the phenyl-amino bond as found
in this work is enlarged by 4.7 pm with respect to the ground
state (N1-C1, Tables 2 and 5). A comparatively long phenyl-
amino bond in the TICT state was also obtained by Broo and
Zerner using low-level INDO/1-ROHF calculations.32 An
elongation has important consequences for the frequency shift
of the phenyl-amino stretching vibration (v(PhN)) in the CT
state. Knowing the frequency shift of this mode is crucial to
distinguish between the TICT and PICT models (cf. Section
4.1). Therefore, a clarification of this discrepancy is indispen-
sable here.

First, it has been verified that the elongation is neither a
consequence of the small active space chosen for geometry
optimization nor of the basis set by performing single-point
calculations along the stretching coordinate with an expanded
active space (12e/11o, cf. Section 2) and larger basis sets
(6-31+G(d), 6-311G(d,p)). The elongation is reproduced cor-
rectly.

Furthermore, the elongation is not easily predicted from
qualitative molecular orbital arguments. Figure 3 shows a
molecular orbital correlation diagram for nontwisted (planar or
pyramidal) and perpendicular structures. The pure benzeneb1

and the amino nitrogen lone pair pz orbital combine to a bonding
(4b1 in C2V) and an antibonding (5b1 in C2V) orbital with respect
to the phenyl-amino bond. Both are doubly occupied in the
wave function of the electronic ground-state minimum. Upon
twisting, the 4b1 orbital develops into the nonbonding 7b1

benzene orbital and the 5b1 orbital correlates with the nonbond-
ing py amino nitrogen lone pair orbital (10b2), which is singly
occupied in the TICT state wave function. The remaining

(53) Jiang, J. C.; Lin, C. E.J. Mol. Struct. (THEOCHEM)1997, 392,
181-191.

(54) Tzeng, W. B.; Narayanan, K.; Shieh, K. C.; Tung, C. C.J. Mol.
Struct. (THEOCHEM)1998, 428, 231-240.

(55) Sinclair, W. E.; Pratt, D. W.J. Chem. Phys.1996, 105, 7942-
7956.

Table 5. 90°-Twisted Charge Transfer (TICT) Excited-State
Geometries for DMABN (La-type,C2V: 1A2): Dipole Momentsµ
(in D) and Bond Lengths (in pm)

CAS(6e,5o)/
6-31G(d)a

CIS/
3-21Gb

INDO/1
ROHFc

AM1-
CISD(6e,6o)d

µ 15.6 13.5 14.8
N1-C1 143.3 134.4 142.6 133.1
C1-C2 142.3 146.8 146.2 144.3
C2-C3 136.1 135.0 143.3 142.2
C3-C4 142.9 141.3 145.1 145.3
C4-C5 141.7 140.7 144.9 147.0
C5-N2 114.5 114.7 128.8 117.5
N1-C6 145.7 147.6 143.4

a This work. b Reference 22.c Reference 32.d Reference 27.
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electron occupies the 8b1 benzene orbital, which is also
nonbonding with respect to the phenyl-amino bond. Overall,
both bonding and antibonding interactions in the electronic
ground state develop completely into nonbonding interactions
in the TICT state. Thus, the prediction of a bond length change
in the TICT state depends on the degree of bonding and
antibonding interactions in the ground state.

Finally, comparison of X-ray crystal structure bond lengths
for twisted and nontwisted ground-state structures of miscel-
laneous aminobenzonitriles reported by Heine et al.52 might
provide some insights. Whereas the measured phenyl-amino
bond lengths for nontwisted aminobenzonitriles indicate some
double-bond character (136.4‚‚‚137.0 pm, cf. Tables 1 and 2),
the partially twisted (59.3°) 3,5-dimethyl-4-(dimethylamino)-
benzonitrile exhibits a bond length of 141.4 pm.52 This more
pronounced single bond is mainly attributed to the reduced
delocalization of the nitrogen lone pair into the aromatic ring
and, therefore, confirms the elongation of the phenyl-amino
bond calculated here for the TICT state. It is concluded that
the CASSCF method describes the change of the phenyl-amino
bond length correctly, whereas the CIS and AM1 methods seem
to have some deficiencies.

PICT. A planar CT state is reached by optimizing the 2A1

state, which corresponds to the second excited state at the
ground-state minimum as well as at the relaxed geometry. The
electronic wave function of the PICT state is predominantly
(≈81%) described by the single excitation 5b1 f 6b1 (cf. Figure
3). The double excitation 1a2,5b1 f 6b1,2a2 and single excitation
1a2 f 2a2 have minor contributions.

The geometry of the planar charge-transfer state has a
quinoidal conformation with partial double-bond character in
the phenyl-amino bond (Figure 2, Table 6). The aromatic bonds
adjacent to the substituents are elongated, whereas the central
aromatic bonds are shortened. The phenyl-cyano bond is in
conjugation with the cyano bond and hence reduced, whereas
the cyano bond itself is enlarged. The dipole moment of 13.1
D calculated here is only slightly smaller than the experimentally
observed value of 15-16 D.13 Because the dipole moment of
the S1 state (1B2) in the PICT geometry amounts to only 7 D,
it is conceivable that polar solvation stabilizes the PICT state
(2A1) more than the 1B2 state, which might interchange their
energetic order at the PICT geometry.

Although not explicitly assigned to the PICT model, accordant
structures have already been reported on the semiempirical

AM1-CI level.27,33 The geometries of these states are quite
similar to the one obtained in this work (Table 6), but the AM1
dipole moment of 10.5 D is appreciably smaller than that
calculated by the CASSCF method (13.1 D).

RICT. The optimized geometry of the RICT state is
comparable to the one obtained by Sobolewski and Domcke at
the CIS/3-21G level (Table 7).22 The quinoidal pattern of the
benzene ring is slightly more pronounced at the CASSCF level,
and the cyano bond is somewhat shorter. The calculated dipole
moment of 13.8 D is smaller than that at the CIS/3-21G level
(16.4 D). The electronic wave function is dominated by the
excitation a′′ (π) f a′ (πCN,yz*), again in agreement with
previously published results (cf. Figure 3).22

4. Discussion

4.1. Vibrational Analysis. Excited-state vibrational spectra
have been calculated for all theoretical model structures under
consideration: the planar and pyramidal LE states for ABN and
DMABN and the TICT, PICT, and RICT models for DMABN.
They exhibit different characteristics such that a comparison
of experimental and theoretical data makes it possible to evaluate
the theoretical models. The normal modes, which are largely
localized as stretching motions of the cyano and phenyl-amino
bonds, hereafter abbreviated asν(CN) and ν(PhN), play a
prominent role in the discrimination of the respective models.
Infrared data are compiled in Tables 8 and 9 for ABN and
DMABN, respectively. In Figure 4 experimental and calculated
frequencies and intensities of theν(CN) andν(PhN) modes are
compared for the LE state of ABN. Figures 5 and 6 depict
corresponding results for the LE and CT states of DMABN,
respectively. Frequency and intensity changes from the ground
to excited states are denoted by dashed arrows. Absolute
experimental intensities have been scaled to match the calculated
values. Other strongly infrared active vibrational modes, such
as aromatic skeletal stretching or methyl and amino group (for
ABN) deformation modes, are not distinctive for the different

Figure 3. Qualitative molecular orbital correlation diagram between
nontwisted (planar or pyramidal) DMABN and perpendicular structures.

Table 6. Planar Charge Transfer (PICT) Excited-State Geometries
for DMABN (La-type,C2V: 2A1): Dipole Momentsµ (in D) and
Bond Lengths (in pm)

CAS(4e,4o)/
6-31G(d)a

AM1-
CAS(6e,5o)b

AM1-
CISD(6e,6o)c

µ 13.1 10.5 12.5
N1-C1 135.1 137.9 138.5
C1-C2 143.8 144.1 144.6
C2-C3 138.5 137.9 138.1
C3-C4 144.8 142.2 141.8
C4-C5 140.2 140.4 141.2
C5-N2 115.1 116.6 116.7
N1-C6 145.3 143.7

a This work. b Reference 33,µ value in acetonitile.c Reference 27.

Table 7. Rehybridized Charge Transfer (RICT) Excited-State
Geometries for DMABN (La-type, Cs: 1A′′): Dipole Momentsµ (in
D) and Bond Lengths (in pm)

CAS(4e,4o)/6-31G(d)a CIS/3-21Gb

µ 13.8 16.4c

N1-C1 134.0 135.5
C1-C2 143.0/143.1 141.5/141.6
C2-C3 135.7/135.4 136.4/136.5
C3-C4 142.2/143.0 140.2/140.7
C4-C5 143.0 142.4
C5-N2 124.9 129.8
N1-C6 145.7/145.8 146.6
C4C5N2 125.4 126.4

a This work. b Reference 22.c CASSCF/DZP//CIS/3-21G value.
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LE and CT models and were considered, therefore, only to
determine the scaling factor between experimental and calculated
intensities.

Good agreement between theoretical and experimental data
for theν(CN) andν(PhN) modes is obtained in the ground state.
The strength of the cyano bond is somewhat overestimated by
the calculation (cf. Section 3.1), which causes the vibrational
frequencies to be systematically too high by about 140 cm-1

when the standard scaling factor of 0.9 is used. This does not,
however, affect relative frequency shifts between the ground
and excited states, as explained above.

The transient infrared spectrum of ABN has been assigned
to the LE state.41 Only small frequency and intensity changes
upon excitation have been observed experimentally. This pattern
is best reproduced by the infrared spectrum calculated for the
pyramidal LE structure (Figure 4, top). The small frequency
and intensity changes calculated for theν(PhN) mode and the
intensity change for theν(CN) mode are in very good agreement
with the experimental observation. Solely the calculated fre-
quency shift for theν(CN) mode is somewhat overestimated.
For the planar LE state of ABN (Figure 4, bottom), large
intensity reductions for both modes and a considerable upshift
for ν(PhN) are predicted, which is in contradiction to the
experimental result. Therefore, the LE state of ABN has a
pyramidal structure in acetonitrile. This concurs with structural
information obtained from rotationally resolved fluorescence
spectroscopy.39

For DMABN, the transient infrared spectrum for the LE state
(Figure 5) is noticeably different, and so must be its structure.41

The intensity of theν(PhN) and ν(CN) modes vanishes
completely. Therefore, the assignment of a certain structure can

be based only on intensity changes. The infrared spectra
calculated for the pyramidal and planar LE states of DMABN
exhibit a pattern similar to that of the respective spectra for
ABN. The infrared spectrum for the pyramidal LE state shows
a moderate decrease in intensity for theν(PhN) mode and even
an increase for the intensity of theν(CN) mode, in contrast to
the experiments. Unlike the pyramidal structure, the planar one
has strongly reduced intensities for both modes matching the
experimental infrared spectrum. Accordingly, the LE state of
DMABN is planar in solution. This was also indicated by recent
gas-phase experiments.38

A new infrared absorption band appears on a time scale of 4
ps for DMABN dissolved in acetonitrile.41 This band has been
attributed to theν(CN) mode in the CT state, which is
downshifted by 103 cm-1 with respect to the ground state. After
15 ps the band intensity is about 50% larger than in the ground
state. A band corresponding to theν(PhN) vibrational mode in
the CT state was not detected. Calculated infrared spectra for
the TICT, PICT, and RICT models are shown in Figure 6,
together with experimental data. For the RICT model (Figure
6, bottom), an enormous downshift of 800 cm-1 for theν(CN)
mode is calculated, reflecting the conversion of the cyano triple
bond into a bent double bond.22-24 This is clearly in contradic-
tion to the observed downshift of 103 cm-1. Furthermore, a
considerable increase in intensity is predicted for theν(PhN)
mode, again in contradiction to the experiment. Therefore, the
RICT model is definitely ruled out as a CT mechanism in
DMABN.

The frequency shifts calculated for theν(PhN) vibrational
mode differ qualitatively for the TICT (Figure 6, top) and PICT

Table 8. ABN: Experimental and Calculated (Scaled by 0.9)
Harmonic Frequenciesν (in cm-1), Frequency Shifts∆ν (in cm-1)
between S0 and LE State, Absolute IntensitiesI (in km mol-1) for
the Ground State, and Intensity Changes∆I betweenS0 and LE
State

ν (CN) ν (PhN)

ν ∆ν I, ∆I ν ∆ν I, ∆I

experimentala

S0 2216 - 23 1317 15
LE 2218 +2 -44% 1313 -4 -17%

calculated
S0 2353 - 74 1265 61
LE pyramidal 2323 -30 -30% 1254 -11 -25%
LE planar 2349 -4 -93% 1306 +41 -79%

a Reference 41.

Table 9. DMABN: Experimental and Calculated (Scaled by 0.9)
Harmonic Frequenciesν (in cm-1), Frequency Shifts∆ν (in cm-1)
between S0, LE, and CT States, Absolute IntensitiesI (in km mol-1)
for the Ground State, and Intensity Changes∆I between S0, LE, and
CT States

ν (CN) ν (PhN)

ν ∆ν I, ∆I ν ∆ν I, ∆I

experimentala

S0 2215 44 1373 38
LE NOb NO -100% NO NO -100%
CT 2112 -103 +50%c NO NO -100%

calculated
S0 2352 85 1356 134
LE pyramidal 2372 +20 +76% 1352 -4 -40%
LE planar 2323 -29 -94% 1373 +17 -95%
TICT 2242 -110 +175% 1286 -70 -75%
PICT 2316 -36 +260% 1403 +47 -50%
RICT 1552 -800 +353% 1395 +39 +127%

a Reference 41.b Not observed c After 15 ps, ref 41.

Figure 4. Experimental and calculated (scaled by 0.9) vibrational
frequencies and intensities (experimental data are scaled) for theν(PhN)
andν(CN) modes in the LE state of ABN. Top: theoretical data for
the pyramidal LE state. Bottom: theoretical data for the planar LE
state (see text). Arrows denote changes between the ground and excited
states.
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(Figure 6, middle) models. Within the TICT model, the phenyl-
amino bond is expanded, which causes the vibrational frequency
to be downshifted by 70 cm-1. In contrast, the phenyl-amino
bond in the PICT state exhibits partial double-bond character
and is upshifted by 47 cm-1. In both cases, a marked decrease
in intensity is calculated. This concurs with the experimental
observation, as the intensity of theν(PhN) mode in the CT state
was below the detection limit. Thus, a distinction of the TICT
and PICT models based upon experimental results for the
ν(PhN) mode is prevented.

Interestingly, the downshift of theν(CN) band differs for both
models. For the TICT model a downshift of 110 cm-1 is
calculated, whereas the predicted downshift for the PICT state
is only 36 cm-1. The downshift for the TICT model is very
close to the experimental observation of 103 cm-1, whereas the
shift for the PICT model is too small. For both models, a band
intensity increase in qualitative agreement with experimental
data is calculated. Therefore, the calculated downshift for the
ν(CN) mode appears to be in favor of the TICT model, but,
taking the accuracy of the theoretical model into account, it
does not seem to be warranted to consider this individual
argument as final proof.

4.2. ICT Mechanism.Comparison of calculated excited-state
and femtosecond transient infrared spectra41 leads to the
conclusion that the LE state in DMABN is planar, whereas the
LE state in ABN is pyramidal just as for both ground states.
The RICT model is reliably excluded as an ICT mechanism. A
definite distinction between the TICT and PICT models is not
possible yet, although the vibrational pattern analysis favors the
TICT process.

The following ICT mechanism emerges from the present
results. Initially the polar 2A′ (2A1) S2 state of the pyramidal
ground-state molecule is excited, the transition being more
strongly allowed than the excitation to the lower lying 1A′′ (1B2)
S1 state. Subsequently, internal conversion populates the 1B2

LE state, which is the lowest excited state at the respective
geometry, and gives rise to the experimentally observed normal
fluorescence. In acetonitrile, the LE state is formed in less than
500 fs.41 The conversion of the LE to the CT state occurs with
a time constant of 4 ps in acetonitrile.41 This rate constant can
be compared to theoretical predictions deduced by Kim and
Hynes from a two-dimensional model of the twist motion and
a solvent coordinate,36 which accounts for nonequilibrium
solvation. Within this model the time constant of 4 ps corre-

Figure 5. Experimental and calculated (scaled by 0.9) vibrational
frequencies and intensities (experimental data are scaled) for theν(PhN)
andν(CN) modes in the LE state of DMABN. Top: theoretical data
for the pyramidal LE state. Bottom: theoretical data for the planar LE
state (see text). Arrows denote changes between the ground and excited
states.

Figure 6. Experimental and calculated (scaled by 0.9) vibrational
frequencies and intensities (experimental data are scaled) for the v(PhN)
and v(CN) modes in the CT state of DMABN. Top: theoretical data
for the TICT model. Middle: theoretical data for the PICT state.
Bottom: theoretical data for the RICT state (see text). Arrows denote
changes between the ground and excited states.
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sponds to a conversion along the TICT coordinate with an
equilibrated solvent. Earlier time-resolved fluorescence mea-
surements with substantially lower time resolution gave a value
of 6 ( 1 ps,16,18which would have suggested some participation
of nonequilibrium solvation in the reaction coordinate.

Planarization of the amino group in DMABN takes place
between the vertical excitation and the formation of the LE state.
This excludes planarization or the inversion motion, respectively,
as the rate-determining step in the ICT formation and relevant
reaction coordinate connecting the LE and CT states as proposed
by the pseudo-Jahn-Teller model.12-17 In fact, as has been
noticed before,20 the inversion mode is ofa′ (b1) symmetry and
cannot couple theLb-type 1A′′ (1B2) LE and theLa-type 2A′
(2A1) PICT states. Instead, suitable coupling modes must be of
a′′ (b2) symmetry, which corresponds to in-plane deformation
modes. In support of this symmetry argument, it has been shown
by CASPT2 calculations that the inversion mode is inactive as
a coupling mode.20,21 Consequently, the vibronic coupling
mechanism of the pseudo-Jahn-Teller model based upon the
inversion motion of the amino moiety is called into question.
However, the existence of a planar CT state is not excluded. In
fact, a planar CT state with a dipole moment of about 14 D has
been identified as a local minimum on theLa-type potential
energy surface by individually optimizing the planar 2A1 state.
This state might be reached along a suitable reaction coordinate
by vibronic coupling witha′′ (b2) symmetric in-plane deforma-
tion modes.

Vibronic coupling is also a necessity for the TICT mechanism
as long asC2 symmetry is retained along the twisting reaction
coordinate. TheLb-type (LE state) and theLa-type (TICT state)
potential energy surfaces must be coupled byb symmetric modes
to enable a transition.

5. Summary

Ab initio CASSCF optimizations are performed for different
models for the LE states of ABN and DMABN as well as the

CT state of DMABN in order to analyze femtosecond transient
infrared spectra.41 The LE state of ABN is pyramidal, whereas
the LE state of DMABN is planar. This has the important
consequence that the inversion motion of the amino moiety
cannot serve as reaction coordinate and rate-determining step
in the ICT mechanism. Nevertheless, this does not rule out the
PICT model, because a planar and highly polar state exists as
a local minimum on theLa-type potential energy surface in
addition to the TICT and RICT states. The RICT model is
reliably excluded as an ICT mechanism in DMABN, as the
calculated frequency shift is far different from the experimentally
observed one. Altogether, the results are in favor of the TICT
mechanism, but a definite distinction between the TICT and
PICT models based upon available experimental results is not
possible. However, the calculations show that an experimental
observation of theν(PhN) vibrational frequency would allow
for a final decision between TICT and PICT.

The combined approach of ultrafast vibrational spectroscopy
and high-level excited-state calculations provides valuable new
information. In the example studied, we were able to resolve
the transients involved in the ICT reaction in DMABN. This
method is generally suited to study dynamics of fast chemical
reactions and the structures of transient species involved.
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