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a b s t r a c t

The electronic structure of the lowest excited singlet states and molecular geometries of a series of
dialkylaminopyridines (DAAPs) representing electron donor–acceptor systems were studied by pho-
tostationary and time-resolved UV–vis spectroscopic methods and quantum chemical calculations.
The comparative studies allow us to rationalize dual luminescence of 4-DAAPs in terms of the TICT
state model—the analysis of the electronic transition dipole moments indicates a nearly orthogonal
eywords:
ialkylaminopyridines
V–vis spectroscopy and MCD
ual fluorescence

ET
ICT states

conformation of the fluorescent ICT states. Introduction of the amino group at meta position as in
3-diisopropylaminopyridine completely changes photophysics of these pyridine derivatives: (i) the
Franck-Condon excited state initially reached upon excitation and the solvent equilibrated fluorescent
state are most probably of the same nature (both excited states do not correspond to a full separation of
charges) and (ii) the electronic structure and geometry of the fluorescent CT states of m-DIAP are solvent
dependent.
NDO/S
FT and TD-DFT calculations

. Introduction

Photoinduced electron transfer (ET) reactions in
onor–acceptor molecules linked by a single bond (D–A) are
f particular interest for the last 40 years [1–3]. A particular
ttention is paid to the D–A systems showing solvent-dependent
ual fluorescence from the substrate and product of excited-
tate ET. The most eminent example is dual luminescence of
-(dimethylamino)benzonitrile (DMABN) discovered by Lippert
t al. [1] and interpreted in terms of the twisted intramolecular
harge transfer (TICT) state model by Grabowski et al. [2,3]. This
odel assumes that dielectric polarization of the solvent permits

otational isomerization of the substrate (the initially excited state)
nto the product (the highly polar TICT state) of the ET reaction with
perpendicular conformation of the D+ and A− subunits. Another

nterpretation, proposed by Zachariasse [4], postulates that the
rigin of the “driving force” for the excited-state electron transfer
rocess is connected with the change of the molecular structure

rom the primary excited state of low-symmetry (because of a
yramidalization of the –N(CH3)2 group nitrogen atom due to a
solvent-induced pseudo-Jahn–Teller interaction” between the
wo lowest, closely lying, excited singlet states S1 and S2) to a
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conjugated planar ICT (PICT) state of a quinoidal structure. It
should be noted that the detailed ab initio calculations performed
by Zilberg and Haas [5], which include configuration interaction
treatment, predict two low-lying excited states of CT character
which are formed as a consequence of the Jahn–Teller distortion
of the benzene anion radical. One of them has a quinoid structure,
the other one, an anti-quinoid structure with the bond lengths of
the central carbon atoms in the ring longer than those in benzene.
According to the authors, for both structures rotation around the
Cphenyl–N bond is quite easy for the amino and pyrrole derivatives.
As the dipole moment is larger in the perpendicular geometry
than that in the planar one, the former geometry is preferred in
polar solvents, supporting the TICT model. However, in many cases
the planar conformation of CT excited states is lower in energy
than that of the LE states, and low-energy CT fluorescence can be
observed also from planar structures [6].

An interesting class of D–A molecules is constituted by
4-dimethylaminopyridine (DMAP) [7–13], its ortho-methylated
sterically hindered derivatives (MDMAP and TMAP) [9–11] and
dialkylamino analogues (DEAP and DIAP, Fig. 1) because their
chemical behaviour is strongly modified by hydrogen bonding

[8,13]. The photophysical properties of DMAP fit well to the TICT
model, i.e. the analysis of the luminescence data gives the sim-
ilarly low values of the electronic transition dipole moments
Mfl of the CT fluorescence of DMAP and its “pretwisted” ortho-
methylated derivatives as it is expected for the �-electronic

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:herbich@ichf.edu.pl
dx.doi.org/10.1016/j.jphotochem.2009.11.006
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ecoupling between the orthogonal D+ (i.e. dimethylamino group)
nd A− (pyridine ring) subunits [10]. Moreover, the time-
esolved picosecond fluorescence investigations of DMAP prove
he bimodal kinetics of the excited-state ET reaction in polar
olvents [12]. It is noteworthy that the N1-protonated forms of 4-
iisopropylaminopyridine (DIAP), contrary to other DAAPs, exhibit
ICT fluorescence [13].

4-Dimethylaminopyridines are very interesting family of
olecules because of many chemical and biochemical aspects.

he compounds have been found to have general applicability as
uper nucleophilic catalysts [14,15]. DMAP has been recently used
s a capping ligand for gold nanoparticles [16,17]. The efforts in
his subject arise from the unique electronic, optical, and catalytic
roperties of metal nanoparticles [18], and particularly promising
pplications of gold nanoparticle systems in cell transfection, drug
elivery and biological sensors [18–20]. Aminopyridines have also
ad biochemical applications as model compounds of the pyrimi-
ine bases [21,22].

The problems referred in this paper concern the solvent-
ependent relationship between the geometry, spectroscopy,
hotophysics and photochemistry of the series of dialkylaminopy-
idines, DAAPs (Fig. 1). Thus, the effects of solvent polarity on the
oom temperature absorption and dual luminescence as well as the
uantitative characterization of the electronic structure, excited-
tate dipole moments, radiative and radiationless transitions and
he resulting structural changes are examined and discussed. More-
ver, the aim of this work is to study the effect of position (para
s. meta) of the electron donating dialkylamino substituent on the
pectroscopic and photophysical properties of DAAPs. It should be
oted that the photophysics of aminopyridines strongly depend on
he position of the amino group [23–25]. This effect has also been
bserved for a series of meta- and para-substituted aniline and N,N-
imethylaniline derivatives [4,26,27]. However, the interpretation
f these effects is still a subject of controversy.

. Experimental

.1. Materials and synthesis

4-Dimethylaminopyridine (Aldrich) was purified by crystal-
ization from n-hexane. The synthesis of the other DAAPs
nder study has been described in Refs. [9,13]. In short, 3-
ethyl-4-(dimethylamino)pyridine (MDMAP) and 3,5-dimethyl-

-(dimethylamino)pyridine (TMAP) were synthesized from 3-
icoline-1-oxide and 3,5-lutidine, respectively, following proce-
ures reported elsewhere [9,28]. 4-Diethylaminopyridine (DEAP)
as prepared by replacement of the labile halo group in 4-

hloropyridine with diethylamine while heating in an autoclave
t 150 ◦C [29]. The product was purified by vacuum distillation.
ield: 85%, b.p. 132–134 ◦C/10 Torr (Lit. [30]: 156–158 ◦C/19 Torr).
-Diisopropylaminopyridine (DIAP) was obtained along with
-diisopropylaminopyridine (m-DIAP) by reaction of diisopropy-

amine with 3,4-didehydropyridine generated by treatment of
-bromopyridine with NaNH2/tert-BuONa complex base [31]. Sep-
ration of the two component mixture of the product on a column
f silicagel with 1:1 AcOEt–PE as eluent followed by vacuum
istillation gave pure DIAP (b.p. 116 ◦C/1 Torr) and m-DIAP (b.p.
15–117 ◦C/2 Torr). Yield: approximately 20 and 27%, respectively.
urity of the products was confirmed by satisfactory elemental
nalysis [10,13]. It is worth to notice that DIAP was obtained as

sole product with approximately 60% yield when the addition of
iisopropylamine to 3,4-didehydropyridine was carried out at−20
o −15◦ C.

The solvents used for our studies: n-hexane (HEX), dibutyl
ther (BE), diethyl ether (EE), butyl acetate (BA), ethyl acetate
hotobiology A: Chemistry 209 (2010) 135–146

(EA), dichloromethane (DCM), 1,2-dichloroethane (DCE), N,N-
dimethylformamide (DMF), dimethyl sulphoxide (DMSO) and
acetonitrile (ACN) were of spectroscopic or fluorescence grade
(Aldrich or Merck). Butyronitrile, BN (Merck, for synthesis) was
distilled successively over KMnO4 + K2CO3, P2O5 and CaH2. These
aprotic polar solvents have been selected to cover a wide range of
the static permittivity values ε [32]. All solvents were checked for
the presence of fluorescing impurities.

2.2. Instrumentation and procedures

Absorption spectra were obtained on Shimadzu UV 2401
and Shimadzu UV 3100 spectrophotometers. Stationary fluores-
cence and fluorescence excitation spectra were measured on an
Edinburgh FS 900 CDT fluorometer and with the Jasny multi-
functional spectrofluorimetric system [33]. Quinine sulphate in
0.05 mol dm−3 H2SO4 (�f = 0.51 [34]) and DMAP in ACN (�f = 0.017
[10]) served as reference for fluorescence quantum yield deter-
mination. Fluorescence lifetimes were measured on an Edinburgh
FL 900 CDT time-resolved fluorometer, with an estimated time
resolution of about 300 ps. The time-resolved single photon
counting technique was used, followed by data reconvolution
using non-linear least squares fitting routine. Magnetic circu-
lar dichroism (MCD) investigations were carried out using a
JASCO J-715 spectropolarimeter equipped with two home-built
magnets operating up to 5.0 kG or an OLIS DSM 17 CD spec-
tropolarimeter with a permanent magnet (magnetic field 9.2 kG).
Enhancement of the MCD signal with respect to the baseline
was achieved employing the procedure for registration of the
spectra for two opposite direction setting of the magnetic field
[35].

2.3. Quantum chemical calculations

All the quantum chemical calculations were performed using
the Gaussian 98 [36] and Gaussian 03 [37] suites of programs.
Ground-state geometries of molecules were obtained in the den-
sity functional theory (DFT) [38,39] approach using Becke’s three
parameter hybrid exchange functional method [40] and the cor-
relation functional of Lee et al. [41], referred to as B3LYP, and
the 6-31G(d,p) standard basis set. In order to obtain the global
minimum, different starting geometries were used in optimiza-
tions. The optimized geometries were verified to correspond to
real minima by calculating and diagonalizing the Hessian matrix
and establishing the absence of imaginary frequencies. The verti-
cal electronic transition energies, oscillator strength and transition
moment directions were calculated using the time-dependent gen-
eralization of the density functional theory (TD-DFT) [42] at the
levels of B3LYP/6-31G(d,p) and B3LYP/6-311++G(2d,p). The calcu-
lations also considered the presence of a solvent in terms of the
Polarizable Continuum Model (PCM) [43]. Electronic transitions
and dipole moments were also calculated using the semiempiri-
cal INDO/S method [44]. The latter method allowed us to compute
the values of the MCD Faraday B terms.

3. Results and discussion

3.1. DFT calculations of the ground-state geometry

The optimized ground-state geometries of all the DAAPs under

study have been obtained by DFT calculations. The ground-state
geometry of DMAP and its ortho-methylated derivatives (MDMAP
and TMAP) has been published previously [11]. The conformation of
DMAP is nearly planar with a small out-of-plane pyramidalization
of the –N(CH3)2 group. The results of above calculations are in a very
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ig. 1. Labelling of atoms and acronyms of the investigated compounds. B3LYP/6-
IAP and m-DIAP. The inversion (pyramidalization) angle ω is the angle between
ngle �A–D is defined as 0.5 (C3–C4–N2–C7 + C5–C4–N2–C8) for 4-DAAPs and as 0.5 (

ood agreement with X-ray crystal structure data [45]. The com-
uted molecular structures of MDMAP and TMAP are nonplanar
ue to ortho-methylation in the pyridine ring.

The corresponding data for DEAP, DIAP and m-DIAP are summa-
ized in Table 1. Two optimized geometries of DEAP were computed
y the DFT method. The main difference between them is the rel-
tive conformation (trans and cis) between the two methyl groups
f the diethylamino moiety. The trans structure, displayed in Fig. 1,
eems to be a more stable form because it is 182 cm−1 lower in

nergy than the cis one (as computed at the B3LYP/6-31G(d,p) level
f theory). The sterical hindrance resulted from relatively long alkyl
hains in DEAP, DIAP and m-DIAP induces a twist angle �AD of
◦ for DEAP and 31◦ and 41◦ for DIAP and m-DIAP, respectively.

able 1
round-state geometriesa obtained by DFT calculations at the B3LYP/6-31G(d,p)

evel: dipole moments �g (in D), bond lengths (in pm), bond angles and dihedral
ngles (in degree).

DEAP DIAP m-DIAP

�g 4.63 4.41 3.26

Bond lengths
N1–C2 134.0 134.0 133.4
N1–C6 134.0 134.0 C2–C6 139.3
C2–C3 138.9 139.0 N1–C3 133.3
C5–C6 138.9 139.0 139.1
C3–C4 141.5 141.4 141.5
C4–C5 141.5 141.4 140.9
N2–C4 137.9 138.9 139.9
N2–C7 146.1 148.1 147.8
N2–C8 146.1 148.1 147.6

Bond angles
C2–N1–C6 115.0 115.1 C2–N1–C3 118.0
C3–C4–C5 115.0 114.9 C2–C3–C4 115.5
C7–N2–C8 116.7 114.3 114.7

Dihedral angles
�A–D

b 5.3 31.2 41.1
ωc 1.0 0.3 0.2

a Labelling of atoms is presented in Fig. 1.
b The torsional angle �AD is defined as 0.5 (C3–C4–N2–C7 + C5–C4–N2–C8) for DEAP

nd DIAP, and as 0.5 (C2–C3–N2–C7 + C4–C3–N2–C8) for m-DIAP.
c The inversion (pyramidalization) angle ω is defined in Fig. 1.
,p) calculated ground-state molecular structures of DMAP, MDMAP, TMAP, DEAP,
ane formed by the atoms C7, C8 and N2 and the pyridine ring plane. The torsional
–N2–C7 + C4–C3–N2–C8) for m-DIAP. Reproduced with permission from Ref. [13].

A negligible inversion angle is computed for the amino group in
these systems (ω≈0◦). The large twist angles in DIAP and m-DIAP
diminish the conjugation of the amino nitrogen lone pair with the
pyridine ring unit and consequently increase the N2–C4 or N2–C3
bond length to 1.389 and 1.399 Å, respectively, as compared to that
in DMAP (labelling of atoms is presented in Fig. 1). This bond, how-
ever, remains clearly shorter than those of MDMAP (1.414 Å) and
TMAP (1.423 Å) [11].

There is no X-ray structural data published for DEAP, DIAP
and m-DIAP. However, some structural informations about the
twist and inversion angles of the donor groups in similar D–A
compounds, such as 4-(diethylamino)benzonitrile (DEABN) and
4-(diisopropylamino)benzonitrile (DIABN), can be found in the lit-
erature. For DEABN, two different experimental structures have
been reported. A crystal study indicates a non-twisted but slightly
pyramidalized (6◦) geometry [46], whereas solution phase inves-
tigations suggest that the amino group is twisted by ∼21◦ with
no pyramidalization [47]. The DFT geometry of DEAP is consis-
tent with the results of DFT calculations on DEABN reported in
Refs. [46,48] (�AD =∼6◦, ω = 0◦), using the same functional and the
similar basis set. The structure of DIABN obtained by X-ray spec-
troscopy is twisted by 14◦ [49] with the inversion angle ω of ∼15◦

[50], whereas the computational study performed by Parusel et al.
[46] shows, similarly to our results, the twist angle of 33◦ with no
inversion of the amino group.

3.2. Absorption and MCD investigations

The near-UV absorption and magnetic circular dichroism (MCD)
spectra of DMAP, MDMAP and TMAP have been published recently
[11]. The spectra of DEAP, DIAP and m-DIAP recorded in n-hexane
and acetonitrile solutions are compared with those of DMAP in
Fig. 2. The INDO/S computed transition energies and MCD B terms
are also included in the figure. The near-UV absorption spec-
trum of DMAP in n-hexane shows a shoulder between 34,000 and

36,500 cm−1 and a dominant band centered at 39,900 cm−1. These
bands reveal a red shift with increasing solvent polarity and have
been previously assigned to the 1Lb← S0 and 1La← S0 transitions,
respectively [7,11]. The MCD spectrum shows a positive B term for
the former, and a negative B term for the latter (it should be stressed
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ig. 2. Room temperature absorption (top) and MCD spectra (bottom) of DMAP (a
dashed lines, in red). INDO/S calculated transition energies and B term values are
f dm3 mol−1 cm−1 and of 10−3 �eD2 cm [52], respectively. (For interpretation of th
rticle.)

hat a positive value of the B term corresponds to a negative MCD
ign, and vice versa). Similar absorption spectra as those of DMAP
re observed for DEAP and DIAP. The dominant absorption bands,
owever, in the latter compounds are shifted to lower energies by
bout 700 and 1300 cm−1, respectively, in both n-hexane and ace-
onitrile. An analogous bathochromic shift (of about 1200 cm−1)
f the absorption band maximum with respect to that of DMABN
as reported for DIABN [50]. The MCD spectra of DEAP and DIAP,

imilarly to that of DMAP, show the same, positive and negative,
equence of B terms. The overall MCD intensity decreases from
MAP via DEAP to DIAP. By comparison with DMAP, and on the
asis of the spectral position, absorption intensity and solvent shift,
he lowest-energy transitions observed in the MCD spectra of DEAP
nd DIAP are assigned to the final 1Lb excited states in Platt’s nota-
ion, whereas the next higher-energy band is attributed to the

La← S0 transition.

The absorption spectrum of m-DIAP (Fig. 2) in n-hexane displays
different spectral pattern than that of the DAAPs substituted at

he position 4. Compared with DIAP, a new low-energy band at
1,850 cm−1 arises. The second band of higher intensity, similar

able 2
alculated energy differences (in eV) between the two highest occupied � molecular o

nvolved in the 1Lb← S0 and 1La← S0 transitions.

DMAP* MDMAP* TMAP

INDO/S
�HOMO 0.99 0.54 0.32
�LUMO 0.15 0.18 0.22

TD-B3LYP/6-31G(d,p)
�HOMO 1.13 0.83 0.77
�LUMO 0.08 0.20 0.41

* Ref. [11].
** This work.
P (b), DIAP (c) and m-DIAP (d) in n-hexane (solid lines, in black) and acetonitrile
ted by bars. Molar absorption coefficients ε and Faraday B terms are given in units
ences to color in this figure legend, the reader is referred to the web version of the

to that of DIAP, is located at 38,400 cm−1. The spectral position of
these absorption bands depends on solvent polarity—both bands
in acetonitrile are red-shifted by about 700 cm−1 with respect to
those in n-hexane. The MCD spectrum of m-DIAP shows a positive
and negative sequence of the B terms.

The interpretation of the MCD spectra of all the DAAPs under
study seems to be possible in terms of a simple perimeter model
[51,52]. In the case of DMAP, DEAP, DIAP and m-DIAP, which
contain strong-E (electron donating) substituent, the energy split-
ting between the two highest occupied � orbitals (�HOMO) is
greater than that between two lowest unoccupied frontier �
orbitals, �LUMO (Table 2). Thus, similarly to 4-aminopyridine
and 3-aminopyridine [53], the +,− sequence of signs of the B
terms corresponding to the 1Lb and 1La states is observed (Fig. 2).
The nonplanar structure of MDMAP and TMAP, caused by ortho-

methylation in the pyridine ring, is expected to result in the
weakening of the substituent effect. For MCD such a result implies
that the intensity should decrease with twisting of the dialky-
lamino group, which is indeed observed (cf. Figs. 5 and 6 in Ref.
[11]).

rbitals (�HOMO) and the two lowest unoccupied � molecular orbitals (�LUMO)

* DEAP** DIAP** m-DIAP**

1.11 1.07 1.71
0.14 0.19 0.21

1.20 1.25 1.93
0.16 0.07 0.12
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Table 3
Comparison between INDO/S calculated energies (�̃INDO, in 103 cm−1, the energy of the 1(n,�*) excitations is most probably underestimated [54]) and oscillator strengths (f),
corresponding to the transitions to low-lying excited singlet states Si, and locations of MCD bands (�̃MCD, in 103 cm−1) and absorption coefficients (ε, in dm3 mol−1 cm−1) of
the near-UV absorption band maxima in n-hexane.

Compound INDO/Sa Experimental

�̃INDO f polb �c MECd �̃MCD ε

DMAP* S0 3.7
S1 35.54 0.012 12(x) 0.6 H-2→ L 1(n,�*)
S2 36.10 0.004 y 6.0 e 1Lb 36.0
S3 39.78 0.376 z 8.6 H→ L 1La 39.9 15,600

MDMAP* S0 3.1
S1 34.67 0.011 17(x) 1.2 H-2→ L 1(n,�*) 38.0
S2 36.35 0.014 65(y) 4.1 e 1Lb 36.0
S3 39.88 0.172 7(z) 9.7 H→ L 1La ∼40.0 7,900

TMAP* S0 3.1
S1 34.13 0.010 18(x) 1.1 H-2→ L 1(n,�*) 35.3
S2 35.95 0.012 15(y) 3.9 e 1Lb ∼34.3
S3 37.27 0.084 8(z) 11.5 H→ L 1La 37.6 4,000

DEAP** S0 3.9
S1 35.68 0.006 6(y) 5.6 e 1Lb 35.6
S2 35.88 0.009 x 0.8 H-2→ L 1(n,�*)
S3 39.13 0.408 z 8.9 H→ L 1La 39.2 18,100

DIAP** S0 3.4
S1 35.37 0.007 10(x) 1.7 H-2→ L 1(n,�*)
S2 35.75 0.005 25(y) 3.9 H→ L + 1 1Lb 35.3
S3 37.52 0.329 z 9.7 H→ L 1La 38.6 13,500

m-DIAP** S0 2.6
S1 32.03 0.039 41(y) 3.1 f (�,�*)/(n,�*) 32.0 2,100
S2 34.48 0.052 45(x) 3.5 g (�,�*)/(n,�*)
S3 36.18 0.236 7(z) 7.0 H→ L + 1 1(�,�*) 37.9 9,000

a B3LYP/6-31G(d,p) optimized conformations used as input geometries.
b The angle (in degrees) between the transition dipole moment and a molecular axis given in parentheses. For values smaller than 5◦ , a “pure” polarization along a given

axis is assumed. See Fig. 1 for the definition of axes.
c Dipole moments in debyes, D.
d Main electronic configurations, H = HOMO, L = LUMO.
e This transition arises mainly from the H→ L + 1 and H-1→ L excitations.
f This transition arises mainly from the H→ L and H-2→ L excitations.
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g This transition arises mainly from the H→ L, H-1→ L and H-2→ L excitations.
* Ref. [11].

** This work.

For the second 1(�,�*) state the perimeter model predicts van-
shing MCD intensity when �HOMO = �LUMO. Therefore, for the
ase of �HOMO≈�LUMO, the sign of the B term for this transi-
ion may easily be related to factors neglected in the perimeter

odel, such as interaction with a nearby 1(n,�*) state. An evidence
or the existence of such a 1(n,�*) transition was provided by the
nding of three bands in the low energy region of the MCD spec-
ra of both MDMAP and TMAP [11]. INDO/S (Table 3) and TD-DFT
Tables SI1 and SI2 in Supporting Information) calculations con-
rm this result, predicting at least three transitions to lie in the low
nergy region. It is noteworthy that for DMAP, DEAP and DIAP the
NDO/S predicted sign of the 1(n,�*) transition (Fig. 2; Table 3) is the
ame as for the lowest 1(�,�*) excitation. That would explain why
he former is not detected in these compounds. Another reason may
e a stronger intensity of the 1(�,�*) transitions in the MCD spec-
ra of DMAP, DEAP and DIAP with respect to the ortho-methylated
ompounds.

The INDO/S calculations of DAAPs show the very similar pattern
f low-energy transitions (Table 3) and reveal a strongly mixed
haracter, 1(�,�*) and 1(n,�*), of the two lowest energy transi-
ions. This is reflected in similar oscillator strengths and dipole

oments.

The mixed character of the low energy transitions in DAAPs is

orroborated by the TD-DFT calculations at the levels of B3LYP/6-
1G(d,p) (Table 1SI) and B3LYP/6-311++G(2d,p) (Table 2SI). The
(�,�*) transitions in 4-DAAPs are mainly represented by the
OMO→ LUMO or HOMO→ second LUMO excitations (Fig. SI1 in
Supporting Information), but with a significant contamination of
several other configurations. The second HOMO orbital is of �
character, localized mainly on the pyridine ring nitrogen atom.
Thus, the lowest 1(n,�*) transitions are dominated by the second
HOMO→ LUMO and second HOMO→ second LUMO excitations. In
agreement with the experimental findings, the calculations predict
the bathochromic shift of the lowest energy transitions in DEAP
and DIAP as well as the lowering of the energy gap �E(1Lb, 1La) in
DIAP, when compared with DMAP. Similar effects were observed
for MDMAP and TMAP [11].

The TD-DFT calculations of m-DIAP suggest, that the first absorp-
tion band (Fig. 2) comprises a single electronic transition of
essentially 1(�,�*) character. The second 1(�,�*) transition is sep-
arated from the first one by about 5000 cm−1. The ratio between
the calculated oscillator strengths of the lowest 1(�,�*) transitions
is similar to that related to the measured molar absorption coeffi-
cients of the near-UV absorption bands maxima. Both excited states
involve a charge transfer from the donor (diisopropylamino group)
to the acceptor moiety.

It is noteworthy that when going from the 6-31G(d,p) to the
more extended 6-311++G(2d,p) basis set, the calculated ordering
of the 1Lb and 1La states remains unchanged, but the transition

energies (Table 2 SI) are in better agreement with the experi-
mental values. In addition, the transitions from the donor to the
Rydberg-like diffuse orbitals appear in the low-energy region for
all the studied compounds. Such low-lying Rydberg-like states have
been reported for aminosubstituted phthalides [55]. A Rydberg-like
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Fig. 3. Room temperature absorption and corrected and normalized fluorescence
spectra of DMAP (a), TMAP (b), DEAP (c), DIAP (d) and m-DIAP (e) in n-hexane
(solid lines, in blue), ethyl acetate (dashed lines, in black) and acetonitrile (dash-
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otted lines, in red). The fluorescence spectra of MDMAP are very similar to those
f TMAP [10]. Concentrations of the compounds were in the range from 10−5 to
0−4 mol dm−3. (For interpretation of the references to color in this figure legend,
he reader is referred to the web version of the article.)

haracter of the higher excited states in alkylaminobenzonitriles
as postulated by Rotkiewicz et al. [56,57].

.3. Fluorescence in aprotic solvents

The effects of solvent polarity on the room temperature fluo-
escence spectra of all the studied DAAPs are presented in Fig. 3.
s reported previously [7–13], DMAP shows dual fluorescence in
olar media at room temperature. In ethyl acetate (EA) the inten-
ity of both emission bands, the high-energy b and the low-energy
(Fig. 6), is comparable [10]. Similar to DMABN [1], a consider-

ble red shift of band a and the increase of its relative intensity
s observed with increasing polarity of the surrounding medium.
hese solvent effects suggest the charge transfer character of the
mitting state A* (see Section 3.4). The CT emission is dominant in
ighly polar solvents. On the contrary, in nonpolar solvents a domi-
ant band b of low intensity is observed. This emission is attributed
o the locally excited (LE) state B*.

When the –NMe2 donor group in DMAP is replaced by the –NEt2
roup, the characteristic emission feature of DMAP is reproduced,
ut with a remarkable preference for the CT emission in DEAP. Even

n nonpolar solvents the shape of the emission spectra suggests dual
uminescence. The main short-wavelength part of the fluorescence
pectrum of DEAP in n-hexane is attributed to the primary excited
* state of the dominant 1(�,�*) character. The shoulder between
3,000 and 28,000 cm−1 is probably due to the emission from the
losely-lying A* state with a strong contribution of CT character.
he results of INDO/S (Table 3) and TD-DFT (Tables SI1 and SI2)
alculations suggest, however, that the wave functions of the flu-

rescent B* and A* states in nonpolar media are most probably of
he mixed 1(n,�*), 1(�,�*) and CT character.

DIAP, contrary to DMAP and DEAP, and similarly to the other
onplanar compounds MDMAP and TMAP [9,10], emits a single flu-
rescence band in all the aprotic solvents. The considerable red shift
hotobiology A: Chemistry 209 (2010) 135–146

of the emission and the increase of the Stokes shift with increasing
solvent polarity point to the CT character of the fluorescent states
of this molecule in sufficiently polar media. The shapes and posi-
tions of the fluorescence maxima of MDMAP, TMAP and DIAP match
well to those of the long-wave band a of DMAP and DEAP in the cor-
responding polar solvents (Table 5). This finding suggests similar
electronic structure and geometry of the solvent equilibrated CT
fluorescent states. The spectra are very broad, the emission band-
width (FWHM) of about 6200 (±500) cm−1 is nearly independent
of solvent properties. This result, according to Marcus theory of
electron transfer [58], suggests a large contribution of the inner
reorganization energy (associated with the changes of the solute
geometry) to the CT fluorescence profile. Thus, significant confor-
mational changes accompanying the excited-state electron transfer
are expected for the compounds.

The assignment of the fluorescence spectra of DIAP in n-alkanes
and in low-polarity media, similarly to MDMAP and TMAP [10],
is more ambiguous than that in highly polar solvents. The com-
pounds show a single emission band strongly red-shifted with
respect to that of DMAP. Most probably, the band predominantly
consists of the CT emission. The origin of the red shift is analo-
gous to that in DMABN and its derivatives and could be related to
a steric hindrance to coplanarity and to the shape of the resulting
ground and excited-state potential energy hypersurfaces (cf. Fig. 2
in Ref. [2]). Moreover, the spectra in n-hexane are very broad, with
a FWHM value of about 6000 cm−1. A strong overlap of the dual
luminescence can be proposed to explain this finding. However,
low-temperature experiments performed for MDMAP and TMAP
in butyronitrile in the temperature range between 123 and 293 K
do not show any distinct evidence for the dual luminescence [10].
This finding is most probably due to a very small, if any, barrier to
the excited-state ET reaction in nonplanar 4-DAAPs (Fig. 6). This
explanation is supported by the laser induced fluorescence inves-
tigations of DIAP isolated under supersonic jet conditions [59]. The
position and shape of fluorescence of jet-cooled DIAP depends on
excitation. The dispersed emission spectrum, recorded upon exci-
tation in the origin region is similar to that of DMAP and DEAP and
its maximum intensity is centred at 30,600 cm−1. The spectrum is
attributed mostly to the radiative transition from the locally excited
state B*. The higher energy excitation (with excess energy of about
800 cm−1) directly populates the CT state and a long-wave emission
appears.

An interesting result is provided by the increase of the relative CT
fluorescence intensity in 4-DAAPs resulting from the change of the
dialkyl substituents in the donor group from dimethyl – via diethyl
– to diisopropyl. The similar effects have been reported for DMABN
and its analogues, DEABN [60–62] and DIABN [50], as well as for
4-dialkylaminopyrimidines [63]. It is most probably kinetic effect,
i.e. the enhancement of the efficiency of the ICT state formation due
to the lowering of the activation barrier to the excited-state charge
separation process by the respective change of the donor group can
be proposed to explain this finding. This hypothesis agrees with
the results of MCD investigations and INDO/S (Table 3) as well as
TD-DFT computations (Table SI2). The results show the decrease
of the energy gap between the two lowest 1(�,�*) states, 1Lb (of
lower polarity) and 1La (the latter being a precursor of the ICT
state) in DIAP and DEAP with respect to DMAP. On the other hand
one cannot exclude thermodynamic factors which could favor the
excited-state ET reaction (e.g., the less negative reaction entropies
upon increasing the molecular volume) [3,61,62].

It was noticed previously that the photophysics of aminoben-

zonitriles [4,26] and ethyl (dimethylamino)benzoate derivatives
[26] strongly depends on the position (para vs. meta) of the electron
donating substituent. For example, 3-(dimethylamino)benzonitrile
(m-DMABN) [26], contrary to DMABN, showed only a single
emission band of relatively high intensity and its decay was
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ig. 4. Solvatochromic shift of the CT fluorescence maxima of TMAP, DEAP and DIAP
n HEX, BE, EE, BA, EA, MTHF, DCM, DCE, BN, DMSO, DMF and ACN (from left to
ight). Correlations do not take into account the results in HEX and BE (see text for
xplanation).

onoexponential. Similarly, m-DIAP reveals a single, relatively
arrow (FWHM of about 4000 cm−1) fluorescence band, which is
hifted to lower energies with increasing solvent polarity (Fig. 3).
he shift, however, is significantly smaller than that observed for
IAP and other 4-DAAPs. This result suggests the lower dipole
oment value of the fluorescent state of m-DIAP with respect to

he CT state of 4-dialkylaminopyridines.

.4. Excited-state dipole moments

The CT character of the fluorescent state A* (Fig. 6) of 4-
ialkylaminopyridines is verified by estimation of its dipole
oment by the fluorescence solvatochromic shift method with

he use of simplified Lippert–Mataga relation neglecting the mean
olute polarizability in the states involved in the transition [64,65]:

c�̃fl = hc�̃vac
fl −

2 ��e( ��e − ��g)

a3
0

[
ε− 1

2ε+ 1
− 1

2
n2 − 1

2n2 + 1

]
(1)

here hc�̃fl and hc�̃vac
fl

are the energies corresponding to the spec-
ral positions of the CT fluorescence maxima in solutions and to the
alue extrapolated to the gas-phase, respectively, a0 is the effective
adius of the Onsager cavity [66], ε is the static dielectric constant,
nd n is the refractive index of a solvent.

The linear correlation of the solvent equilibrated CT fluorescence
axima �̃CT

fl
vs. solvent polarity function, f(ε,n), relates the mea-

ured quantities to the ground ( ��g) and excited-state ( ��e) dipole

oments. The correlation (Fig. 4) allows one to determine directly

he values of ��e( ��e − ��g)/a3
0 and to estimate the values of ��e under

he assumption that ��e is parallel to ��g and with the radius of
nsager spherical cavity evaluated from the DFT computed dimen-

ions of the compounds (Table 4). The obtained values of the dipole

able 4
round-state ( ��g) and excited-state ( ��e) dipole moments of the studied
ialkylaminopyridines.

Compound ��g [D] ��e( ��e − ��g )/a3
0 [eV] a0

a [10−10 m] ��e [D]

DMAP* 4.2b 1.45 3.8 13.6
DEAP** 4.6c 1.11 3.95 13.0
DIAP** 4.4c 1.02 4.1 13.0
m-DIAP** 3.3c 0.45 4.1 8.9

a The values of the Onsager’s radial cavity radius were estimated from the
olecular dimensions of the compounds corresponding to the B3LYP/6-311G(d,p)

ptimized geometry.
b The experimental value [67].
c The values calculated by DFT method at the B3LYP/6–31G(d,p) level.
* Ref. [7].

** This work.
hotobiology A: Chemistry 209 (2010) 135–146 141

moments of the fluorescent state A* of DMAP, DEAP and DIAP cor-
respond to an electron transfer distance of 0.28 nm and roughly
agrees with the distance between the amino nitrogen N2 (Fig. 1)
and the centre of the acceptor ring. It can be concluded from these
results that the strongly red-shifted fluorescence band a (Fig. 6)
originates indeed from a CT state, with a full electron transfer from
the donor (i.e. the lone pair orbital on the amino nitrogen N2) onto
the �-electronic system of the acceptor ring for these molecules.
This result is consistent with a radical ion pair description of the
TICT state.

It is noteworthy, that the correlation between hc�̃CT
fl

and f (ε, n)
for DIAP (as well as for m-DIAP), similarly to MDMAP and TMAP
[10], is not linear in all solvents; a significant deviation from the
linearity in n-hexane and in aprotic solvents of low-polarity is
observed (Fig. 4). This finding suggests strong interactions between
the lowest 1CT state and a closely-lying excited state of different
nature. The data collected in Table 5 and in Ref. [10] show very
efficient radiationless deactivation of all the studied DAAPs in n-
hexane and low-polarity solvents. This finding is most probably the
manifestation of a strong contribution of the 1(n,�*) character to the
wave function of the fluorescent state in low-polarity media and of
a fast internal conversion (IC) to the ground state [68]. It should be
noted that this efficient radiationless depopulation channel is not
connected with an intersystem crossing to a close lying triplet state.
The room temperature transient absorption investigations of DMAP
performed by Testa [69,70] do not show any evidence of the effi-
cient population of the triplet manifold in a nonpolar environment.
Recently Demeter et al. [71] reported that the triplet yield (˚ISC)
value of DMAP in ACN (˚ISC∼=0.66) is significantly higher than that
in n-hexane, ˚ISC∼=0.18. The hypothesis of the strong interactions
of the lowest excited 1CT state with a close-lying 1(n,�*) state is
supported by previous studies of aminopyridines (APs) [23,25]. The
very small values of the radiative rate constants (kf

∼= 104 − 105s−1)
for 4-AP has been explained by the 1(n,�*) character of the fluores-
cent state. Thus, the analysis of the solvatochromic effects on the
CT fluorescence maxima of DIAP, similarly to MDMAP and TMAP
[10], has been performed in all the aprotic polar solvents excluding
BE and EE.

The estimated excited-state dipole moment of the solvent-
equilibrated fluorescent state of m-DIAP (�e ∼= 8.9 D) is con-
siderably larger than �g∼=3.3 D (Table 4), clearly indicating a
charge transfer from the donor to the acceptor moiety. How-
ever, the value of �e is smaller than the dipole moments of
all the studied 4-dialkylaminopyridines and corresponds to the
excited state of a partial CT character. Moreover, the long-
wave absorption band of m-DIAP (Figs. 2 and 3) is related to
a transition to the excited Franck-Condon (FC) state with a
dipole moment value of about 9.3 D. This value is estimated
from the dependence of the absorption maxima on the solvent
polarity:

hc�̃abs = hc�̃vac
abs −

2 ��g( ��e − ��g)

a3
0

[
ε− 1

2ε+ 1
− 1

2
n2 − 1

2n2 + 1

]
, (2)

where �̃abs and �̃vac
abs

are the spectral positions of the absorption max-
ima in solutions and in the gas-phase, respectively, and h is the
Planck constant.
Most probably the electronic structure of the fluorescent
state of m-DIAP is similar to that of the FC excited state
reached in absorption. According to the results of the TD-DFT
calculations (Tables SI1 and SI2; Fig. SI1) the latter state cor-
responds essentially to the 1(�,�*) excitation and involves a
substantial charge redistribution with respect to the ground
state.
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Table 5
Solvent effects on the spectral position of the absorption (�̃abs) and fluorescence maxima (�̃fl), quantum yields (˚f), decay times (	), and resulting radiationless (knr) and
radiative (kf) rate constants, and electronic transition dipole moments Mfl corresponding to the CT fluorescence for DMAP, MDMAP, TMAP, DEAP, DIAP and m-DIAP.

Compound Solvent �̃abs [cm−1] �̃fl [cm−1]a ˚f
b 	 [ns] knr (108 s−1) kf (106 s−1) Mfl[D]f

DMAP* HEXc 39,900 30,500 ∼0.0015 0.08d ∼125 ∼18.8 ∼0.9
BEc 39,700 30,000
EA 39,400 23,500 0.014 3.1e

BN 39,000 22,700 0.016
ACN 38,900 21,900 0.017 3.7 ∼2.7 ∼4.6 ∼0.75

MDMAP** HEX 39,100 24,900 0.004 0.95 10.5 4.2 0.6
BE 38,900 24,200 0.015 1.9 5.2 7.9 0.8
EA 38,600 23,500 0.020 3.6 2.7 5.6 0.7
BN 38,000 22,800 0.019 4.3 2.3 4.4 0.7
ACN 37,900 22,300 0.016 4.1 2.4 3.9 0.7

TMAP** HEX 36,850 25,000 0.004 0.75 13.3 5.3 0.6
BE 36,600 24,400 0.009 1.6 6.2 5.6 0.7
EA 36,200 23,500 0.011 3.1 3.2 3.5 0.6
BN 35,600 22,900 0.014 4.0 2.5 3.5 0.6
ACN 35,400 22,300 0.012 3.9 2.5 3.1 0.6

DEAP*** HEXc 39,200 30,000 ∼0.007 ∼0.6 ∼16.5 ∼11.7 ∼0.7
BE 38,900 24,550 0.015 1.5 6.5 10.0 0.9
EA 38,800 24,000 0.026 4.1 2.4 6.3 0.7
BN 38,550 23,000 0.026 4.7 2.1 5.5 0.7
ACN 38,400 22,200 0.024 4.8 2.0 5.0 0.8

DIAP*** HEX 38,600 25,800 0.010 1.8 5.5 5.5 0.6
BE 38,460 24,200 0.016 3.3 3.0 4.8 0.6
EA 38,300 23,900 0.015 3.4 2.9 4.4 0.6
BN 38,080 22,800 0.017 3.9 2.5 4.4 0.7
ACN 38,050 22,500 0.019 4.2 2.3 4.5 0.7

m-DIAP*** HEX 31,850 27,250 0.050 1.1 8.6 45.5 1.7
BE 31,770 26,780 0.071 1.7 5.5 41.8 1.6
EA 31,450 26,300 0.115 3.6 2.4 31.9 1.5
BN 31,230 25,600 0.130 5.5 1.6 23.6 1.3
ACN 31,200 25,000 0.130 7.4 1.2 17.6 1.2

a Scatter of results: ±150 cm−1.
b Error is about 10%. Thus, the maximum error is about 20% for the rate constants knr and kf and about 10% for the transition moment Mfl .
c The parameters correspond to the primary excited fluorescence.
d Ref. [58].
e The long component of the decay time of the short-wave fluorescence is 3.2 ns (Ref. [10]).
f In debyes, D.
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* Refs. [7,10] and this work.
** Ref. [10].

*** This work.

.5. Electronic transition dipole moments

The challenging problem concerns the conformation of DAAPs
n the fluorescent CT states. In order to gain more insight into the
lectronic structure and geometry of these states, solvent effects on
he spectral position of the fluorescence maxima, quantum yield
˚f) and decay times were examined. The fluorescence data of
AAPs in solvents of various polarity are collected in Table 5. The
resented results show a significant difference between the emis-
ion efficiency of m-DIAP and that of DIAP (and other 4-DAAPs).
he ˚f values of the CT fluorescence of all the studied 4-DAAPs
re very similar, i.e. they are about 0.01–0.02 in aprotic polar sol-
ents. Contrary to that, the ˚f values of m-DIAP are roughly an
rder of magnitude higher in the respective solvents; the ˚f val-
es of 0.13 suggest a different character of the emitting state. More

nformation about the nature of the radiative transitions one can
btain from the analysis of the solvent-dependence of the radiative
ate constants kf and the electronic transition dipole moments Mfl
being the best quantitative measure of the transition probability).

In the electric dipole approximation, the Mfl values of the CT flu-

rescence can be determined applying a simple kinetic model of an
rreversible excited 1CT state formation (assuming 100% efficiency).
his model has been applied for the molecules which show a domi-
ant CT emission band (e.g., for DMAP and DEAP in sufficiently polar
olvents). Within this model the radiationless (knr) and radiative
(kf) rate constants are simply related to the CT emission quantum
yields (˚f) and lifetimes (	):

knr =
1−˚f

	
, (3)

kf =
˚f

	
, (4)

and the resulting values of Mfl are given by [72,73]:

kf =
64
4

3h
(n�̃fl)

3| �Mfl|2. (5)

Interesting results are provided by the very similar values of
Mfl for all the 4-DAAPs under study and the finding that Mfl val-
ues for MDMAP and TMAP [10], as well as DIAP and DEAP, are
roughly constant in all the polar solvents. These findings suggest
that the electronic structure and molecular conformation of the
CT fluorescent states of 4-DAAPs do not change significantly with
the change of the donor group and with solvent polarity as well as
with the change of the ground-state geometry. The lack of influ-
ence of the steric hindrance on the luminescence properties of

the 4-DAAPs and the low values of the electronic transition dipole
moments corresponding to the CT fluorescence indicate a small
overlap between the �-orbitals of the donor (i.e. the lone pair orbital
on the amino nitrogen) and the acceptor (i.e. the pyridine ring). This
suggests that the results can be interpreted in terms of the TICT
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tate model. The analysis can be performed in terms of the Mul-
iken [74,75] and Murrell [76] theory, which assumes that the Mfl
alues are mainly determined by the direct interactions between
he lowest 1CT state and the Franck-Condon ground state, and by
he contributions from the locally excited configurations [77–79].
he independence of the Mfl values on solvent polarity, most prob-
bly due to the large energy gap between the fluorescent 1CT state
nd the lowest 1(�,�*) state of the pyridine subunit (which lies
bout 38,000–39,000 cm−1) [51,80], allows one to neglect the latter
ontributions. Thus, the Mfl values can be estimated from a simple
elation [74,75]:

fl ≈
V0( ��e − ��g)

hc�̃fl
(6)

here V0 is the electronic coupling element between the 1CT state
nd the ground state and c is the speed of light in a vacuum. With
e −�g ∼= 8.3(±1.0) D (Table 4; Table 2 in Ref. [10]) the upper limit
f the interaction elements is V0∼=0.23 (±0.2) eV for all the studied
-DAAPs in a highly polar environment (i.e. in ACN).

It has been shown previously [78] that the appropriate values
f the electronic coupling elements V0, which are mainly deter-
ined by the interactions between the atoms forming the D–A

ond, can be theoretically predicted following the formalism pro-
osed by Dogonadze et al. [81]. Neglecting contributions from the �
rbitals one can estimate the mutual conformation of the D (dialky-
amino group) and A (pyridine ring), i.e. the angle �D-A between the
xis perpendicular to the acceptor ring and the axis of the lone pair
rbital, l, located on the amino nitrogen N2:

0 = CD
HOMOCA

LUMOˇCN cos(�D−A)+ const (7)

here CD
HOMO and CA

LUMO are the LCAO coefficients of the 2p� atomic

rbitals located on the atoms which form the D–A bond (i.e. of the l
rbital on the adjacent N atom and of the acceptor carbon atom) of
he HOMO and LUMO, respectively; ˇCN is the resonance integral
or these atoms, and const is related to the electronic interactions
etween the remaining pairs of atoms in the D–A molecule (this

ig. 6. Schematic kinetic model, in the form of the cross-section of the energy hypersu
olvation, for intramolecular ET in 4-dialkylaminopyridines. Left, the excited-state energy
eight is reduced (or cancelled) by large steric repulsions, and only the TICT emission is o
moments and the spectral position of the absorption and fluorescence maxima
(expressing the polarity of the surrounding medium) for m-DIAP.

contribution is usually small and negligible due to the fact that ˇCN
is an exponential function of the distance). Very similar values of
CD

HOMO = 0.78 (±0.04) and CA
LUMO = 0.59 (±0.01) were calculated

by INDO/S method for the perpendicular conformation of DMAP,
MDMAP, TMAP, DEAP and DIAP. Assuming |ˇCN|= 2.3 eV [82] and
const = 0 one can estimate the angle �D–A≈77(±2)◦. Thus, the anal-
ysis of the CT fluorescence of 4-DAAPs under study, similarly to
4-dialkylaminopyrimidines [83], indicates a nearly orthogonal con-
formation of the most efficiently emitting molecules (i.e. related to
the maximum of the product of population and the emission rate).
The orthogonal conformation of the CT states of these relatively
small compounds containing dialkylamino group as an electron

donor most probably results from the strong solute-solvent inter-
actions (depending on the magnitude of the ratio �2

e /a3
0) and

relatively small effects related to the electronic delocalization from
the lone pair orbital on the amino nitrogen to the acceptor ring.

rfaces along the reaction path, represented by torsion around the D–A bond and
barrier leads to the dual fluorescence in planar DMAP and DEAP. Right, the barrier

bserved (the case of MDMAP, TMAP and DIAP in polar media).
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The radiative properties of m-DIAP are different than those of
IAP and other 4-DAAPs. The values of the radiative rate con-

tants kf of the meta isomer are about 4–10 times higher those of
he para substituted compounds (Table 5). Moreover, Fig. 5 shows
he dependence of the values of the electronic transition dipole

oments corresponding to fluorescence Mfl and absorption Mabs
n solvent polarity. The Mabs values, which are related to the lowest
(�,�*)← S0 absorption band, were determined from the approxi-
ate expression [73]:

�Mabs

∣∣2 = 3 ln 10
8
3NA

hc

n�̃abs

∫
band

ε(�̃)d�̃, (8)

here ε(�̃) is the molar extinction coefficient at wavenumber �̃ and
A is the Avogadro number.

It should be noted that the Mfl values significantly decrease on
oing from a nonpolar to polar solvent. In the highly polar sol-
ents the values of about 1.2 D are very similar to those of Mabs
nd are about 2 times larger than those of the CT emission of the
-dialkylaminopyridines. This very interesting result suggests the
ependence of the electronic structure and geometry of the fluo-
escent state of m-DIAP on solvent polarity. The higher values of

fl than that of Mabs in nonpolar and low-polarity media can be
nterpreted in terms of the flattening of the molecule upon excita-
ion, whereas in a highly polar environment m-DIAP most probably
oes not undergo any significant conformational changes upon
xcitation. The electronic structure of the solvent-equilibrated
uorescent state seems to correspond to the 1(�,�*) excitation
ith a charge transfer character depending on the polarity of

he solvent. The difference between m-DIAP and para-substituted
ialkylaminopyridines seems to be related to the different shapes
f molecular orbitals (Fig. SI1) and, consequently, different interac-
ions between the donor and acceptor subunits.

. Conclusions

The near-UV electronic absorption and MCD experimental data
or DAAPs indicate a presence of three low-energy transitions,
ssigned to 1Lb, 1(n,�*) and 1La excited states. These results are cor-
oborated by INDO/S and TD-DFT calculations. It should be noted
hat, due to the lack of exact C2v symmetry, even in DMAP, the strict
istinction between 1(�,�*) and 1(n,�*) transitions is not longer
ossible. The data collected in Tables 3, SI1 and SI2 show a strong
ixing between both types of zero-order states, revealed by sim-

lar oscillator strengths for “Lb← S0” and “1(n,�*)” transitions, as
ell as by mixed polarization. The transitions polarized along z,

he long molecular axis, are least perturbed by lowering of symme-
ry. Naturally, the description in terms of Lb and La labels should
lso be treated as a rather crude approximation. It is thus quite
emarkable that the interpretation of the MCD spectra in terms of
simple perimeter model is still possible, even though the pres-

nce of a third transition in the low energy region only allows for a
ualitative treatment.

The photophysical properties of all the studied 4-DAAPs fit
ell to the TICT state model (Fig. 6). DMAP and DEAP, the pla-
ar compounds in the ground state, show solvent-dependent dual

uminescence. The CT emission band is dominant in highly polar
olvents such as BN and ACN. The reduction of the energy bar-
ier along the excited-state relaxation path to the TICT state in
rtho-methylated derivatives (MDMAP and TMAP) and in DIAP
y large steric repulsions leads to a single CT fluorescence band
n sufficiently polar solvents. The radiative transition in emission
f
∼= 4× 106 s−1 is forbidden by a factor of 10−2 with respect to

he value of fully allowed transition as may be expected for a
mall �-orbital overlap of the nearly orthogonal D–A conforma-
ion. The analysis of the transition dipole moments Mfl suggests

[

[

[
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that the geometry of the fluorescent ICT state is close to perpendic-
ular.

Substitution of the amino group at meta position in 3-
diisopropylaminopyridine (m-DIAP) completely changes photo-
physics: (i) the Franck-Condon excited state initially reached upon
excitation and the solvent equilibrated fluorescent state are most
probably of the same nature (both excited states do not correspond
to a full separation of charges) and (ii) the electronic structure
and geometry of the fluorescent CT states of m-DIAP are solvent
dependent.
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