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Electron donor-acceptor systems, in which phenothiazine is tethered to pyrene by means of a phenyl bridge,
exhibit a dual emission in moderately and very polar solvents. Employing steady-state and time-resolved
fluorescence spectroscopy, we were able to provide evidence that the “blue” and “red” emission bands originate
from different conformers. The ground-state geometry of the majority species is identical to that found in the
crystalline state (the quasi-equatorial conformer). This conformation executes a fast electron-transfer process
accompanied by significant structural relaxation. Consequently, its fluorescence exhibits a large solvatochromic
shift typical for charge-transfer states. The photophysical properties of the minority species (the quasi-axial
conformer) vary significantly with the substitution pattern of the bridging phenyl ring. In part, this difference
is related to the orientational factor,κ, governing the rate of energy transfer between the pyrene and
phenothiazine moieties. In the para-substituted derivative, fluorescence emission from both the excited
phenylpyrene and the phenylphenothiazine subsystem can be observed. In the meta-substituted derivative,
fluorescence originates mainly from the primarily absorbing phenylpyrene subsystem. In nonpolar solvent
(cyclohexane), the nature of the fluorescing state differs for the para- and meta-substituted compounds. Whereas
in the former, the fluorescence originates from the locally excited phenothiazine, it is governed by emission
from a structurally modified CT state in the latter derivative. Semiempirical (AM1/CI) molecular orbital
calculations with a continuum solvent treatment have been used to investigate the different states involved
and provide explanations for the observed results. The calculations reveal the existence of an intermediately
populated CT state in which the negative charge is partly localized in the bridge as well as in the pyrene
acceptor.

1. Introduction

In the last 10 years, numerous investigations aimed at a better
understanding of (photoinduced) intramolecular electron trans-
fer1-15 and especially at the correlation between the rate of this
process,ket, and the overall geometry of the donor-bridge-
acceptor (D-B-A) system have been reported. However, the
spatial arrangement of donor and acceptor was only uniquely
fixed in the electronic ground state and also conserved in the
electronically excited states, from which electron-transfer started,
in a very few cases.16,17Nevertheless, many attempts have been
made to explain variations in the rate of electron transfer,ket,
e.g. upon variations of the donor-acceptor distance assuming
a specific conformation of the bridge. More recently, it has
become clear that conformational parameters such as rotation
around a single or double bond or folding of a semiflexible
bridging element like a piperidyl ring, which alter both distance
and relative orientation of donor and acceptor, can be decisive
factors for the photophysical properties of charge-transfer

states.18,19 Because of the difference in Gibbs energy required
for charge separation and recombination in different conformers,
the two processes can occur with greatly different rates.20 They
are, in addition, sensitively dependent on solvent polarity,
whenever the distance for charge separation varies significantly
between different conformers. An interesting structural element,
which can lead to pronounced conformational heterogeneity in
the electronic ground state, is a nitrogen heterocycle, for which
the substituent (bridging element) can adopt a quasi-axial or
quasi-equatorial position.21 Moreover, it has been proposed that
the hybridization of the nitrogen will change upon electronic
excitation. In the case of complete electron withdrawal (oxida-
tion) the nitrogen can even adopt a planar geometry (sp2

hybridization).22

In the electronic ground state, the stereochemistry of, e.g.,
N-substituted phenothiazines is by no means clear. Obviously,
it can change with the nature and size of the substituent, thus
leading to a majority species (the thermodynamically most
stable) and one or more minority conformers. A priori, it is
difficult to predict how different the photophysical and photo-
chemical properties of the various conformers are. This implies
that minor changes in the structure of the substituent can induce
a shift from one majority conformer to another. Consequently,
any attempt to explain results on the basis of only one selected
conformation is likely to fail.
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In two previous publications, we reported the results of
transient absorption17 and Raman experiments23 performed with
D-B-A systems comprising phenothiazine as donor, pyrene
as acceptor, and a phenyl ring as bridging element (see Scheme
1; to avoid confusion, the abbreviations used are the same as
in the preceding publications). The results of both types of
experiments provided evidence that photoinduced electron
transfer occurs with rate constants on the order ofket ≈ 1011

s-1. The magnitude of the rate implies that fluorescence from
locally excited (LE) states, which are precursors of the charge-
transfer (CT) states generated, should be heavily quenched.
Nevertheless, one observes a fairly strong fluorescence in the
spectral region, in which fluorescence originating from the LE
states is expected. We therefore hypothesized that the com-
pounds investigated exist in solution in two forms: (i) as a
majority species, whose conformation is the same as that found
in crystalline material by X-ray analysis and which is also
predicted by quantum chemical model calculations as the
minimum energy conformation, and (ii) as a minority species,
which represents a local energy minimum in quantum chemical
calculations. The latter conformer has been suggested to be
responsible for the appearance of “blue” fluorescence in
(moderately) polar solvents next to the polarity-dependent “red”
CT fluorescence.

In this contribution, we present the results of steady-state and
time- and wavelength-resolved fluorescence measurements and
discuss the influence of the bridging pattern on the photophysical
and photochemical properties of phenothiazine-pyrene dyads
by comparison with the results of quantum chemical model
calculations.

2. Materials and Methods

2.1. Materials. The synthesis of the compounds has been
described in detail elsewhere.17,24The usual analytical techniques
were employed to test the purity of the samples. No indication
for the presence of impurities or unreacted starting materials
could be found. All solvents were spectroscopic grade and used
as supplied (Aldrich). Sample solutions (concentration of solutes
wase5 x 10-5 M to avoid excimer formation) were freed from
oxygen by bubbling through with argon for about 20 min prior
to fluorescence measurements atT ) 298 K.

2.2. Experimental Methods.UV/vis absorption spectra were
recorded on a Perkin-Elmer Lambda 2 spectrometer, steady-
state emission spectra at ambient temperature on a Perkin-Elmer
LS 50B. The recorded emission spectra were corrected for the
spectral sensitivity of the detection channels. The latter was
determined by comparison with the known emission character-
istics of a 1000-W tungsten lamp (EG & G, model 590-20).
The actual values of the excitation or detection wavelengths
are given in the legends to the figures.

The time- and wavelength-resolved fluorescence experiments
employed a setup developed originally by EuroPhoton25 (Berlin,
Germany). We later modified it to suit our specific needs
better.26 The system relied on the well-known technique of time-
correlated single photon counting. By replacing the conventional
multichannel plate (MCP) photomultiplier with one containing
a so-called delay-line anode (model EMI-132 N300, ELDY,
Petersburg, Russia), one can deduce information about not only
the arrival time of the fluorescence photon but also its
wavelength.25 In combination with a two-dimensional multi-
channel analyzer, one obtains as raw data the intensity distribu-
tion IF(λ,t). The wavelength increment per channel is 1.5 nm
for the spectrograph employed (Oriel, model MS125); the time
increment is either approximately 12 or 48 ps, depending on
the setting of the time-to-amplitude converter (TAC). To reduce
the amount of data, and to facilitate the curve-fitting procedure,
the content of 20 neighboring channels was usually binned to
produce about 10-15 decay curvesIF(λj,t) for each spectral
segmentλj ( ∆λj covered by a specific wavelength setting of
the spectrograph. Single-curve and multicurve fitting was
performed in the usual manner employing least-squares fitting
techniques based on the Marquardt and Simplex algorithms.27

The recorded fluorescence intensity distributionIF(λj,t) repre-
sents the convolution of the excitation profileE(t) with the
fluorescence decay lawR(λj,t):

wheret0 represents a possible shift of time zero when scattering
solution and sample are exchanged. In the assumed multiex-
ponential decay law

Ai(λj) represents the amplitude of theith lifetime component
for detection wavelengthλj.

For excitation atλex ) 277 nm, the frequency-tripled output
of a home-built Titan:sapphire laser28 with cavity-dumper
pumped by a Millennia (Spectra Physics) CW Nd:YAG laser
was used (tp ≈ 100 fs, repetition rate 800 kHz). Standard NIM
electronic components were used in the detection circuit. The
system response function measured via scattering of the laser
pulse is determined by that of the MCP photomultiplier and
showed about 50 ps full-width at half-maximum. Generally, 107

fluorescence events were monitored per measurement. (More

SCHEME 1: Chemical Structures of Compounds
Investigated and Abbreviations Used

IF(λj,t) ) E(t - t0) X R(λj,t)

R(λj,t) ) ∑Ai(λj) exp(-t/τi)
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experimental details can be found in the PhD thesis of A.
Stockmann.27)

To speed up the global fit procedure, a new algorithm was
developed in which single-curve fits and multicurve fits are
performed alternately. After an initial multicurve fit to obtain
good starting values for the global parameters (lifetimesτi and
shift t0), all fits of the individual decay curvesIF(λj,t) were
optimized with respect to the remaining parameters not con-
sidered as global parameters (e.g., amplitudesAi(λj)). The total
ø2 is calculated as sum of theøj

2 of the individual curve fits
and used as a criterion for the modification of the global
parameters in the following multicurve fit procedure. With the
new set of global parameters (lifetimes), all decay curves are
fitted again individually yielding a new set oføi

2 values and
concomitantly the totalø2 of the next iteration step. It proved
advantageous to perform the multicurve fits with the Simplex
algorithm, and the single-curve fits by means of the Marquardt
algorithm with an additional Simplex optimization.29

2.3. Quantum Chemical Model Calculations. Calculations
were performed by using the program package VAMP 8.0.30

Molecular properties in the electronic ground state were
computed by using the restricted Hartree-Fock formalism with
the AM1 Hamiltonian.31 Excited-state calculations used a singles
plus pair doubles (PECI)32 configuration interaction (CI) expan-
sion with an active window of the four highest occupied and
the four lowest unoccupied molecular orbitals. Test calculations
with both full CI using the same active orbital window and with
a singles-only CI with up to 24 active orbitals suggested that
this level of theory is adequate for the problem. Excited-state
geometries were optimized in vacuo by using analytical CI
gradients.33 In some cases, the charge-transfer states were
separated energetically from local excitations by applying a
homogeneous electrostatic field during the early stages of the
geometry optimizations in order to avoid state crossings during
the optimization. Final optimizations were performed without
external fields. Solvent effects were simulated in single-point
calculations on the gas-phase optimized geometries by using
our polarized continuum solvation model34,35with natural atomic
orbital-point charge (NAO-PC) electrostatics36 but without the
dispersion contribution reported originally.34 The self-consistent
reaction field calculations used solvent-excluded surfaces37 with
atomic radii equal to 120% of those given by Bondi.38

3. Results and Discussion

3.1. Steady-State UV/Vis Absorption and Emission Spec-
tra. Introduction of the phenyl substituent causes the pronounced
vibronic structure seen in the UV/vis absorption spectra of
pyrene to disappear, Figure 1a. The long-wavelength slope of
the S0 f S2 absorption band of phenylpyrene is bathochromi-
cally shifted by about 15 nm, thereby reducing the difference
to the still very weak S0 f S1 absorption band around 375 nm.
In the case of phenothiazine, phenyl substitution also causes a
bathochromic shift of about 15 nm of the S0 f S1 absorption
band and reduces the correspondingεmax by a factor of nearly
2. This implies that above 275 nm the absorption of phe-
nylpyrene exceeds that of phenylphenothiazine by far, except
in a small wavelength range around 295 nm. The fluorescence
spectrum of phenylpyrene exhibits an approximate mirror image
to the strong absorption band, showing maxima at about 380
and 395 nm. The fluorescence spectrum of phenylphenothiazine
exhibits a very large Stokes shift of about 125 nm, the emission
maximum being found around 450 nm in CH2Cl2. This unusually
large Stokes shift is indicative of large structural changes
occurring during the excited-state lifetime.

Since the UV/vis absorption spectra of the D-B-A systems
were found to be fairly independent of solvent polarity, we
restrict our discussion to the spectra recorded in CH2Cl2, Figure
1b. The absorption spectrum of the directly linked system3
exhibits a pronounced vibrational structure like the parent
pyrene. This observation provides evidence that theπ-electronic
systems of pyrene and phenothiazine are essentially orthogonal
to each other. In the phenyl-bridged systems4 and 5, the
vibrational structure has essentially disappeared. The spectra
resemble that of phenyl-substituted pyrene (Figure 1a). Based
on the X-ray structures of4 and 5, and the results of MO
calculations, the lack of vibrational structure is explained by
π-conjugation made possible by a torsional angle of the phenyl-
pyrene bond of only about 60°. Noteworthy is the long tail of
the red absorption band extending beyond 400 nm. It could be
due to an increase of the extinction coefficient of the S0 f S1

absorption of pyrene as a result of the symmetry reduction
caused by the substituent. This explanation is, however, unlikely,
since the effect should also show up in phenylpyrene. Alter-
natively, a weak transition from the ground state to a charge-
transfer state can be considered.

Both 4 and5 exhibit a dual emission in moderately and very
polar solvents, Figure 2. In contrast to other examples, in which
strongly quenched emission from the locally excited precursor
state and solvent-polarity-dependent long-wavelength emission
from the charge-separated state are observed, the blue emission
found in the most polar solvent (acetonitrile) appears relatively
more intense than that in the less polar solvent CH2Cl2. Also
surprising at first glance is that in the meta-substituted compound
4, the fluorescence maximum observed in cyclohexane lies at

Figure 1. (a) UV/vis absorption and emission spectra of phenylpyrene,
1 (λex ) 340 nm) (-), and phenylphenothiazine,2 (λex ) 300 nm)
(- - -), in CH2Cl2. (b) UV/vis absorption spectra of investigated
compounds in CH2Cl2: 3 (‚ ‚ ‚), 4 (- - -,) and5 (s).
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longer wavelength than that of the blue emission in acetronitrile.
The para-substituted derivative5 shows the emission maxima
in both solvents at about the same wavelength. Noteworthy is,
however, the much larger width of the blue band in acetonitrile
(ACN).

The ratio of the intensities of the blue and red emission bands
varies not only with solvent polarity but also with excitation
wavelength, as demonstrated for the para-derivative5 in Figure
3a. It is immediately obvious that the blue emission is relatively
weaker forλex ) 345 or 320 nm, where absorption is dominated
by that of pyrene. Excitation around the valley at about 297
nm produces relatively more intense blue fluorescence. Fur-
thermore, the spectral distribution of the blue emission varies
somewhat with excitation wavelength. Excitation in the long
wavelength tail (λex ) 392 nm) yields a dominant blue
fluorescence, with a phenothiazine-like emission (λmax ) 445
nm).

An excitation-wavelength-dependent emission spectrum is
generally taken as evidence for a heterogeneous sample with
more than one absorbing and emitting species. In our case, the
emission spectra of the (two) species cannot overlap much
because the spectral distribution within the red and blue bands
hardly changes with excitation wavelength. A possible explana-
tion could therefore be that one of the absorbing species emits
predominantly from the locally excited state(s), whereas the
other undergoes rapid electron transfer and emits preferentially
from the CT state generated. The rate of formation of the CT
state in4 and 5 was determined to be on the order of 1011

s-1.17,23 By comparison with the fluorescence lifetime of
phenylphenothiazine (τF ∼ 3 ns), the fluorescence yield of the
LE state of the phenothiazine moiety should be lowered by at
least a factor of 100 because of the electron transfer. For the

phenylpyrene moiety (τF ∼ 105 ns), this reduction should be
even larger, more than 1000-fold. This implies that LE-type
emission from the species that undergoes fast electron transfer
should be detectable neither in the steady state nor in the time-
resolved measurements.

The hypothesis of different absorbers can be checked readily
by recording fluorescence excitation spectra with observation
wavelengths in the blue and red fluorescence bands, respectively
(Figure 3b). The similarity in the overall appearance of the
excitation spectra is in accordance with the assumption that the
two absorbing species are different conformers of the same
molecular species, which exhibit only slightly different absorp-
tion characteristics. A closer look reveals, however, that the
onset of the excitation spectrum of5 is found at the shortest
wavelength, if the fluorescence is monitored in the red emission
band (550-650 nm). In this case the location of the first
maximum in the excitation spectra matches that of the first
maximum in the UV/vis absorption spectrum very well. We
consider this as evidence that the species that produces the CT
fluorescence governs the characteristics of the absorption
spectrum and is therefore the dominant (majority) species. If
the detection wavelength is chosen below 550 nm, the first
maximum in the excitation spectra (and concomitantly the
apparent onset) shifts toward longer wavelength. The red-most
maximum (λ ≈ 352 nm) is found if the fluorescence is
monitored at the maximum of the blue band, i.e., around 450
nm. This implies excitation and emission of the phenylpheno-
thiazine moiety. If the detection wavelength is shifted further

Figure 2. Steady-state fluorescence spectra of (top)4 and (bottom)5
in different solvents: cyclohexane (s), CH2Cl2 (- - -), and acetonitrile
(. . .). Excitation wavelengthλex ) 300 nm.

Figure 3. (a) Dependence of the steady-state fluorescence spectra of
compound5 in CH2Cl2 on excitation wavelength.λex ) 280 nm (s),
287 nm (- - -), 300 nm (‚ ‚ ‚), 320 nm (-‚ ‚ -), and 345 nm (-‚ -). (b)
Fluorescence excitation spectra recorded for5 in CH2Cl2 for various
observation wavelengths:λobs ) 400 nm (s), 425 nm (- - -), 450 nm
(‚ ‚ ‚), 500 nm (-‚ -), and 600 nm (-‚ ‚ -). For easier comparison, the
spectra are normalized at the red maximum.
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to the blue (λdet < 450 nm), then the maximum in the excitation
spectra is also blue-shifted and the relative intensity of the
second band around 280 nm is increased. This is in accordance
with the fact that the phenylpyrene moiety fluoresces around
400 nm and exhibits a very intense absorption band around 280
nm. This finding also implies that energy transfer from
phenylpyrene to phenothiazine is not 100% efficient in the
minority conformation.

From the Lippert-Mataga plot (Figure 4), the red emission
can be identified as CT fluorescence by the strong solvent
polarity-dependence of its maximum. If changes in polarizability
are neglected, the shift of the fluorescence maximum in a solvent
with permittivity ε and refractive indexn can be written as39

wherea represents the radius of the solvent cavity,µbG andµbE

the dipole moments in the ground and excited electronic states,
respectively, andf(ε,n) the solvent polarity parameter:

If only the data points obtained in moderately and very polar
solvents are used, then the slope obtained in the Lippert-Mataga
plot (Figure 4) for the meta-substituted derivative4 is smaller
than that for5, thus indicating (under the assumption of equal
cavity radii) a smaller dipole moment in the CT state. This
means, in the simplest model, a smaller distance across which
electron transfer occurs in4 versus5. By assuming a sphere
with a volume equivalent to that of an elliptical cavity matching
the molecular dimensions with half axes of 670 and 440 pm
for 4 and 900 and 385 pm for5, one can derive an estimate for
the change in dipole moment between ground and emitting CT
state of 25.9 D for4 and 38.8 D for5 (for the sake of simplicity,
µG was chosen as zero). These values are much lower than the
ones (Table 1) estimated by adopting the X-ray structure and
the assumption of a complete electron transfer between pheno-
thiazine and pyrene.17 This discrepancy indicates that the net
charges are largely delocalized and/or electron transfer occurs
across a shorter distance. Because the distance between donor
and acceptor,RDA, or the dipole moment of the CT state, enters
into the estimate of the change of the Gibbs function,∆Get, the
values given in Table 1 might be somewhat too small.

Furthermore, it is noticeable that the emission maxima found
in nonpolar solvents (e.g., cyclohexane) do not match the
regression line calculated from the data in more polar solvents.
This raises some doubt as to whether the emission observed in
nonpolar solvents actually originates from a CT state or rather
from the LE state(s). Alternatively, it could indicate that the
CT state exhibits a different geometry in nonpolar solvents due
to large amplitude motions (harpooning effect). In donor-
acceptor systems with a nonrigid bridge, this is a well-known
phenomenon.18,19

3.2. Time- and Wavelength-Resolved Fluorescence Spec-
troscopy. The time- and wavelength-resolved fluorescence de-
cays shown for derivative5 as one example in Figure 5 provide
immediate evidence that the blue and red emission bands appear
immediately after excitation without any measurable delay. For
the red emission, this finding is in accordance with the results
of the pump-probe experiments, which yielded electron-transfer
rates on the order ofket ≈ 1011 s-1. It is also in agreement with
the conclusions drawn from the steady-state fluorescence
measurements, namely, that the blue emission does not originate
from the precursor state of the red fluorescing CT state.

The analysis of the temporal fluorescence profiles recorded
in the farthest red spectral range showed that the CT fluores-
cence decays monoexponentially with decay times varying
between 1 and 11 ns (Table 2). In the spectral range of the blue
emission, a proper fit of the fluorescence time profiles needed
up to three exponentials. If the spectrally corrected steady-state
emission spectra recorded for the same excitation wavelength
are used in addition, one can construct the decay associated
spectra (DAS) according to

Figure 4. Lippert-Mataga plot of the CT fluorescence emission
maxima of4 ((, - - -) and5 (9, s) in different solvents (cyclohexane,
diethyl ether, Me-THF, CH2Cl2, and acetonitrile). (f ) (ε - 1)/(2ε +
1) - 0.5(n2 - 1)/2n2 - 1). The data points collected for nonpolar
solvents are omitted in the linear fit for reasons discussed in the text.

TABLE 1: Characteristic Parameters of the Compounds
Investigated

compd
E00,a

eV
PDF,b

eV
∆Get,c

eV, CH
∆Get,c eV,

CH2Cl2
∆Get,c

eV, ACN
RDA,d

Å
µest,e

D
[µ2/a3],f

cm-1

4 3.38 0.59 0.12 0.87 1.0 7.85 38 47 500
5 3.38 0.59 0.06 0.85 1.0 8.49 41 71 640

a Eoo refers to that of phenothiazine.b PDF ) e(Eox(D) - Ered (A))
- Eoo measured in polar solvent.c Estimate according to Rehm-Weller
equation.d RDA represents distance between nitrogen of phenothiazine
and the center of pyrene in the quasi-equatorial conformer.eµest) eRDA.
f Derived from Lippert-Mataga plot (Figure 4) by using data points
for f > 0.2 only.

Figure 5. Time- and wavelength-resolved fluorescence decaysIF(λj,
t) recorded for derivative5 in CH2Cl2, λex ) 300 nm.

DAS(λj,τi) )
Ai(λj)τi

∑Ai(λj)τi

F(λj)

∆ν̃F ) 1
4πε0hc

2

a3
(µbE - µbG) µbE f (ε,n)

f (ε,n) ) ε - 1
2ε + 1

- 1
2

n2 - 1

2n2 + 1
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whereF(λj) represents the steady-state spectral distribution and
Ai andτi are the parameters derived by the global fit procedure
for the assumed multiexponential fluorescence decay lawR(λj,t):

The DAS calculated for the various fluorescence components
in different solvents exhibit interesting features with respect to
spectral distribution (Figures 6 and 7). The maximum of the
DAS of the longest-lived component (τ > 20 ns) found for5 is
at about the same wavelength in CH2Cl2 and acetronitrile,
around 400 nm, and matches well the fluorescence maximum
of phenyl-substituted pyrene, whose fluorescence spectrum
shows only a weak vibrational structure, Figure 1a. It appears,
however, that the long-wavelength tail extends further to the
red.

The DAS connected with the second decay time of5 in the
blue spectral region shows a small, but significant, bathochromic
shift (approximately 15 nm) on switching from CH2Cl2 to
acetonitrile. Such a shift could be caused by solvent relaxation,
if the emitting state possesses a large dipole moment, or by
solvent-dependent geometrical relaxation of the solute. Evidence
for the existence of the latter processes could eventually be seen
in the appearance of a third decay time. The derived values (τ
< 300 ps), however, match those found in the pump-probe
experiments of5 (325 ps in methylcyclohexane, 140 ps in
methyl THF, and 80 ps in acetronitrile),17 where they were
assigned to structural relaxation in the CT state.

In derivative4, the blue emission is dominated by the DAS
of the longest-lived component, which matches to a large extent
the fluorescence spectrum of phenylpyrene. Additionally,
evidence for two small components with decay times of 7.3 ns
and about 1 ns could be found in acetonitrile.

The DAS of the various fluorescence components observed
in CH2Cl2 and acetonitrile are in accord with the assignment of
the blue emission as originating from LE states and the red
emission from a CT state. The differences between the
fluorescence lifetimes of the model compounds1 and 2 and
the lifetimes determined by the analysis of the blue emission
contradict the suggestion that the latter is caused by traces of
phenyl-substituted pyrene or phenothiazine.

It has been mentioned above that the steady-state fluorescence
spectra of4 and 5 in cyclohexane are significantly different.
The analysis of the time-resolved data shows that in the meta
derivative 4 the whole spectrum is governed by only one
component with a decay timeτ1 ) 8.2 ns. An extremely small
second component withτ2 ) 39 ns is only found at the blue
end. In contrast, in the para derivative5 a significant second
component is found with a very short decay time (τ2 ∼ 300
ps). The lifetime of the dominant component is only 2.8 ns, the
maximum of the corresponding DAS around 445 nm. Both data
suggest a correlation with fluorescence from phenothiazine.
Noteworthy is furthermore that the DAS of the dominant
component of4 and 5 exhibits a nearly perfect match of the
blue edge, whereas the red edge is shifted bathochromically in

TABLE 2: Photophysical Parameters Determined for the
Compounds Investigated from Time- and
Wavelength-Resolved Fluorescence Measurementsa

solvent property 1 2 4 5

cyclohexane τ1, ns 124 3.06 8.2 2.8
λem, nm 439 450 440
τ2, ns 39 0.3
λem, nm 425

CH2Cl2 τ(CT), ns 11 11
τ1(LE), ns 105 3.06 29 21
λem, nm 385, 400 450 400 400
τ2, ns 1.6
λem, nm 412
τ3, ns 0.2
λem, nm 460

acetonitrile τ(CT), ns 2.2 1.0
τ1(LE), ns 65 2.65 48 30
λem, nm 443 400 400
τ2, ns 7.3 2.0
λem, nm 410 428
τ3, ns 1.0 0.07
λem, nm 410 470

a λex ) 277 nm. For compounds4 and5, λem refers to the maximum
in the decay associated spectra of the corresponding lifetime component.

Figure 6. Decay associated spectra (DAS) obtained for5 in different
solvents withλex ) 277 nm: (top) cyclohexane, (middle) CH2Cl2, and
(bottom) acetonitrile. The spectrograph settings were chosen to yield
overlapping spectral regions.

Figure 7. Decay associated spectra (DAS) obtained for4 in different
solvents withλex ) 277 nm: (top) cyclohexane, (middle) CH2Cl2, and
(bottom) acetonitrile. The spectrograph settings were chosen to yield
overlapping spectral regions.

R(λj,t) ) ∑
i)1

3

Ai(λj) exp(-t/τi)
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4. This might indicate that in4 the emission spectrum represents
a superposition of the fluorescence from a locally excited
phenothiazine and a nearby CT state. For both states to decay
with one common decay time, it is necessary that a rapid
equilibrium between them be established.

3.3. Thermodynamic Considerations for the Majority
Species. If one accepts the hypothesis that the compounds
investigated can exist in solution as different conformers, then
the question arises as to the nature of these conformers. We
mentioned above that in a previous publication we postulated
that the majority species, which undergoes ultrafast photoin-
duced electron transfer, exhibits the same geometry in solution
as found by X-ray analysis of crystalline material. Using these
structural data, one can estimate via the Rehm-Weller equation
the change in Gibbs energy upon formation of the CT state,
∆Get:17

with Eox(D) and Ered(A) being the oxidation potential of the
donor and reduction potential of the acceptor group, respectively.
RDA represents the distance across which the electron is
transferred.C compensates for entropy changes and was
estimated to be on the order of 0.1 eV.17 The results, which are
summarized in Table 1, suggest that with the geometry of the
assumed majority conformer a complete electron transfer is a
strongly exergonic process in CH2Cl2 and acetonitrile. In
cyclohexane,∆Get is only slightly negative for the assumed
geometry. This implies that small geometric changes could
reduce the driving force even further, without taking into account
that the approximations involved mean that the estimate could
in any case be in error by(0.2 eV.

If the energetic separation between the LE and the CT states
is of the order ofkBT (as assumed to be the case in nonpolar
solvents), then thermally induced back electron transfer to
recreate a locally excited state (possibly with a slightly different
geometry) could give rise to delayed LE-type fluorescence. With
the rate constants for charge separation and recombination being
sufficiently high to guarantee an equilibrium population for the
two involved states, the fluorescence decay should be monoex-
ponential after equilibrium has been established. The spectral
distribution would correspond to a weighted superposition of
the inherent LE and CT fluorescence.

3.4. Search for the Minority Conformation. Following the
model proposed above, we expect the rate of photoinduced
electron transfer,ket, in the minority conformation to be much
smaller than the rate constants for radiative and nonradiative
relaxation to the electronic ground state. The rateket depends
on the electronic coupling matrix element,HRP, and the Franck-
Condon weighted density of states FCWD:20

Therefore, the required reduction of the rateket in the minority
versus the majority species can, in principle, be due either to a
strong decrease in FCWD, since FCWD depends on∆Get, or
to a much smaller electronic coupling. In terms of the Rehm-
Weller equation the former possibility could be rationalized if
a change in the hybridization of the (donating) lone pair at the
nitrogen changes the ionization potential of the phenothiazine
donor. The latter possibility could work for two reasons. First,
the coupling between donor or acceptor and the bridge can
become smaller, e.g., by rotation of the connecting single bonds.

Alternatively, the ordering of the molecular orbitals could
change in response to geometrical changes. This implies that
certain MO’s, when acting as HOMO and LUMO, couple
strongly, whereas other combinations do not. As a further
consequence of an energetic rearrangement of the MO’s, one
can also imagine that the energetic ordering of the molecular
eigenstates is changed such that a state with CT character is
higher in one and lower in the other conformer than the lowest
LE state.

In pursuing the already mentioned hypothesis of different
conformers, we deliberately fixed the angleâ (rotation of the
single bond connecting phenothiazine to the phenyl bridge, see
also Scheme 1) when searching for the minimum energy
geometry.The results of this procedure in the case of5 are shown
in Figure 8. The plot of the heat of formation∆Hf versusâ
exhibits a wide range of low-energy conformations with 60° <
â < 120°. In a second range, 135° < â < 225°, ∆Hf is about
7 kJ mol-1 higher. Under the assumption that the entropy of
both conformers is essentially equal, we obtain a population
ratio of about 12:1 for these two types of conformers. For the
para-derivative5, the dependencies shown are symmetrical for
anglesâ and -â. In the case of4, similar variations of∆Hf,
µG, andδ are found, although with a slight asymmetry of the
barrier height aroundâ ) 130° and 230°. The energy-optimized
geometries calculated for derivatives4 and 5 in the quasi-
equatorial and quasi-axial conformation are shown in Figure 9.

Inspection of Figures 8 and 9 also reveals that torsion around
the single bond connecting phenothiazine to the phenyl bridge
affects the planarity of the phenothiazine moiety. The latter is
quantified by the angleδ between the two planes defined by
C1C2N and C2NC3, as indicated in Scheme 1. In the minimum
energy conformation (which represents the quasi-equatorial
conformation), the deviation from planarity is less than in the
second conformer (the quasi-axial conformation). It is obvious
that such changes in geometry must affect the excitation energy
of those states that are essentially localized on the phenothiazine
moiety. Furthermore, the ionization potential (of the nitrogen
lone pair) of the phenothiazine moiety will be affected, thus
making estimates via the Rehm-Weller equation less reliable.

Figure 8. Results obtained for5 from quantum chemical model
calculations employing the AM1 Hamiltonian for the heat of formation
(∆Hf), the dipole moment in the electronic ground state (µG), and the
dihedral angleδ, which describes the deviation from planarity of the
phenothiazine moiety. The angleâ describes phenylphenothiazine single
bond rotation (all other geometrical parameters are optimized).

∆Get ) e(Eox(D) - Ered(A)) - E0,0 - e2

4πε0εRDA
+ C

ket ) 2π
p

HRP
2 FCWD
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According to the quantum chemical model calculations, the
difference in ionization energy of majority and minority species
amounts to about 0.46 eV.

3.5. Quantum Chemical Modeling of Excited States
(Franck-Condon States).As expected from the discussion
above, the quantum chemical calculations (gas phase) yield
different molecular orbital schemes for the two conformers
(Figures 10 and 11). In the predominant, quasi-equatorial,
conformer of the para-substituted derivative5, HOMO and
LUMO are strongly localized on phenothiazine (donor) and
phenylpyrene (acceptor), respectively. According to the com-
mon, but oversimplified, one-electron concept, the HOMOf
LUMO transition would represent a nearly complete charge-
transfer excitation with a very low extinction coefficient. The
CI calculations predict the HOMOf LUMO transition to make
a major contribution to the S5 state only and to cause a large
change in dipole moment (Table 3a). One-electron promotion
from HOMO-1 or HOMO-3 to LUMO contributes to locally
excited states of phenylpyrene. The latter transitions (including
those to LUMO+1) establish the second excited state (Table
3a), with a large oscillator strengthf and the close-by lying S3
state with lowf. The first excited singlet state (λex ) 416 nm)
with very low oscillator strength should, according to the
calculations, be responsible for the long wavelength absorption
tail. It mainly represents the excitation of phenylphenothiazine
but has also some CT character. The involvement of the AO’s
located at the pyrene moiety in L+2 and L+3 explains why in
phenylphenothiazine this transition does not appear in the same

way. Internal conversion from the preferentially excited S2 state
(largest oscillator strength) to the S1 state would correspond to
an energy transfer from pyrene to phenothiazine but not to a
more or less complete electron transfer (pyrene radical anion
and phenothiazine cation). The latter is possible only if the
calculated CT states (S5 or S10) are stabilized enough by the
solvent that they lie below the essentially locally excited
phenothiazine state. This is likely despite the high calculated
energies, since the CI calculations used tend to overestimate
the energy needed for charge separation (see below).

Figure 9. Geometries of the two relevant conformers of4 and5 as
proposed by quantum chemical model calculations employing the AM1
Hamiltonian: (left) quasi-equatorial and (right) quasi-axial. AnglesR
andâ denote the rotation around the single bonds, andδ denotes the
angle between the planes spanned by atoms C1C2N and C2NC3,
respectively.

Figure 10. Schematic of the molecular orbitals involved in the CI
description of the excited states of the quasi-equatorial conformer of5
(gas-phase calculations).
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For the quasi-axial conformer, the calculations predict three
close lying excited states in the wavelength range 360< λ <
340 nm. However, only one of these, S2, has a large oscillator
strength (Table 3b). From the MO pictures shown in Figure
11, one would characterize this transition as being mainly
localized on the phenylpyrene moiety. Despite a significant
contribution of phenothiazine atomic orbitals in HOMO-3 and
HOMO-1, there is only a small charge transfer from phenothi-
azine to pyrene connected with this transition. In analogy to
the situation in the quasi-equatorial conformer, internal conver-
sion from the primarily excited S2 state to the close lying S1
state again causes only a small charge rearrangement. In contrast
to the quasi-equatorial conformer, the calculations predict,

however, no CT state within a reasonable energy gap to the
ground state. This means that in the quasi-axial conformer no
CT state should exist below the lowest locally excited state,
not even in the most polar solvents available.

For the meta-substituted derivative4, the quantum chemical
calculations predict an analogous situation with respect to the
nature of the electronically excited states (Table 4) as in the
para-derivative5. Again, one finds that in the quasi-equatorial
conformer the highest occupied orbitals are localized either on
the pyrene or phenothiazine moiety, whereas in the quasi-axial
conformer, the phenyl AO’s contribute to MO’s preferentially
localized on the phenothiazine.

3.6. Stabilization of CT States by Solvent and Geometrical
Relaxation. To elucidate the geometrical relaxation processes
postulated on the basis of the existence of very short-lived
components in both the fluorescence decay curves and the
transient absorption spectra, we employed a newly developed
geometry optimization algorithm to search for those molecular
geometries which represent minima of the excited-state hyper-
surfaces (in vacuo).

Optimization of the first singlet exited state starting from the
minority species of5 leads to two minima. The geometry of
the first one (structureA in Figure 12) differs from the starting
geometry only by a more planar nitrogen (δ ) 175°). The
second, fully relaxed structure (B, Figure 12) exhibits an
essentially planar phenothiazine moiety. Whereas the angleR

Figure 11. Schematic of the molecular orbitals involved in the CI
description of the excited states of the quasi-axial conformer of5 (gas-
phase calculations).

TABLE 3: Excited State Properties Predicted by Quantum
Chemical Model Calculations for Compound 5

state λex, nm f ∆µ, D character involved config

(a) Quasi-equatorial Conformer of5 (Majority Species)
S1 415 0.002 2.9 LE Phtz Hf L+3,

H f L+2
S2 348 0.348 0.2 LE Py H-1f L,

H-3 f L+1
S3 340 0.003 0.3 LE Py H-3f L,

H-1 f L+1
S5 290 0.004 23 CT Hf L, H f L+2

H-1 f L+3
S10 235 0.250 37 CT Hf L

(b) Quasi-axial Conformer of5 (Minority Species)
S1 359 0.093 3.9 LE Phtz Hf L+2,

H-1 f L+2
S2 356 0.410 0.2 LE Py H-3f L+1,

H-1 f L
S3 348 0.006 0.54 LE Py Hf L+1,

H-3 f L

TABLE 4: Excited State Properties Predicted by Quantum
Chemical Model Calculations for Compound 4

state λex, nm f ∆µ, D character involved config

(a) quasi-equatorial conformer of4 (majority species)
S1 417 0.001 2.9 LE Phtz Hf L+2,

H f L+3
S2 347 0.181 0.1 LE Py H-1f L,

H-3 f L+1
S3 340 0.003 0.2 LE Py H-1f L+1,

H-3 f L
S6 270 0.035 26 CT Hf L, H f L+4,

H-2 f L+3
S10 236 0.322 32 CT Hf L,H f L+4

(b) quasi-axial conformer of4 (minority species)
S1 351 0.105 4.1 LE Phtz Hf L+2
S2 344 0.140 0.4 LE Py H-1f L,

H-3 f L+1
S3 339 0.007 0.7 LE Py H-1f L+1,

H-3 f L
S4 326 0.187 3.1 LE phenyl-PTZ Hf L+3,

H f L+4
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stays around 57°, angleâ is increased to 90°. If one takes the
geometry of the majority (quasi-equatorial) species as starting
point, optimization leads directly to structureB.

Further examination of the excited states of5 revealstwo
CT-states, the lower of which has about half the dipole moment
of the higher. Optimization of these states leads to two different
structures, which we have labeled “bridge charge transfer”
(BCT) and “acceptor charge transfer” (ACT), respectively. The
BCT state adopts a geometry in which the phenyl bridge is
perpendicular to the phenothiazine ring system but in which
the pyrene is only twisted by 48° relative to the phenyl bridge.
The sum of the Coulson charges on the phenothiazine system
is +0.84 e- but only -0.18 e- on the pyrene rings, leaving
-0.66 e- for the bridging phenyl group. The calculated gas-
phase dipole moment is 21.1 D. Figure 13 shows the structure
and the calculated molecular electrostatic potential at the surface
of the molecule for this state. The phenothiazine ring system is
clearly oxidized, but the negative charge is centered on the
phenyl-pyrene bond, rather than on the formal pyrene acceptor.
BCT thus shows almost complete (84%) charge transfer, but
over a shorter range than expected for the full donor (phenothi-
azine)-acceptor (pyrene) charge-transfer state.

The second charge-transfer state, ACT, adopts a geometry
in which the phenyl bridge is perpendicular to both the
phenothiazine and the pyrene ring systems. The calculated total
Coulson charge on the phenothiazine is+0.86 e-, but the total
Coulson charge on the pyrene unit is now-0.99 e-, indicating
complete transfer of one electron to the acceptor group with
some delocalization of the positive charge (13%) into the
bridging phenyl group from the phenothiazine donor. The
calculated dipole moment of this state is 45.2 D. Figure 13
shows the structure and molecular electrostatic potential of this
state. The complete charge transfer from the donor to the accep-
tor separated by the phenyl bridge, which is perpendicular to
both redox active groups, can be seen clearly. The meta-linked
compound4 shows exactly analogous BCT and ACT states.

Single-point calculations on the relaxed S1 states, the Franck-
Condon S1 states, and the relaxed structures for the BCT and
ACT charge transfer states in the simulated solvents hexane
(ε ) 2.023), n-hexadecane (2.050), CCl4 (2.229), benzene
(2.274), ether (4.197), chloroform (4.806), methylene chloride
(8.93), acetone (20.56), ethanol (24.55), methanol (32.66),
acetonitrile (35.94), dimethyl sulfoxide (46.45), and water
(78.36) were then performed in order to judge the solvent effects
on the relative stabilities of the different states for compounds
4 and5. The results are shown in Figure 14. Our experience40

suggests that CT states are calculated to be too unstable relative
to LE states with the techniques used but that the relative

energies of different CT states and conformations and their
solvent dependence are reproduced remarkably well.

Figure 14 suggests that the major difference between com-
pounds4 and 5 is that the BCT state in the para-bridged
compound5 is more stable relative to both the S1 and the ACT
states. The energies of the S1 states, which are nearly indepen-
dent of solvent polarity, are remarkably similar for the two
isomers and the ACT state is marginally more stable for the
meta-bridged4 than for5, as might be expected from the slightly
shorter charge separation distance. The crossing between the

Figure 12. Structures of the partially (A) and fully (B) relaxed lowest
excited singlet state of5. (For more details see text.)

Figure 13. Geometry and molecular electrostatic potential of the
“bridge CT” (A) and “acceptor CT” state (B) of5.

Figure 14. Dependence of the calculated heats of formation,∆Hf,
for the various discussed CT states on solvent permittivity: BCT of4
(- -O- -) and5 (-O-) and ACT of4 (- -4- -) and5 (-4-).
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two CT states occurs for nonpolar solvents for4 but at about
the polarity of methylene chloride for5. This crossing suggests
that the identity of the CT state responsible for the fluorescence
in 5 should change from BCT at lower solvent polarities to ACT
for polar solvents. To test this hypothesis, we have plotted the
observed fluorescence maxima for5 (and 4) against those
calculated for the BCT and CT states but have corrected the
calculated values downward by 3000 cm-1 (0.37 eV) to account
for the underestimation of ACT state stabilities in the calcula-
tions. The results are shown in Figure 15 B. Although not
conclusive, especially for the polar solvents, the figure suggests
that the nonlinearity observed in the Lippert-Mataga plot for
5 (Figure 4) may indeed result from the change in the nature of
the fluorescing CT state. A corresponding plot for the meta-
bridged compound4 is shown in Figure 15A. In this case the
data can be fitted relatively well using only the ACT state and
the same correction factor as for5. The point for the cyclohexane
solvent deviates significantly, however, so that the BCT state
may actually also be important for this compound. The
calculations, however, provide a convincing explanation for the
observed behavior of4 and5.

3.7. The Origin of the Red and Blue Emission Band.In
moderately polar (CH2Cl2) and polar solvents (acetonitrile), the
red emission band can unequivocally be attributed to an excited
state with fairly high dipole moment. Since its decay time
matches that of the transient absorption assigned to the radical
ion pair,17 the red fluorescing species must be the majority
species. According to the quantum chemical calculations, it is
the quasi-equatorial conformer which is, for both4 and5, the
thermodynamically most stable ground state species. Internal
conversion from the primarily excited higher electronic state
with pyrene LE character to the solvent-stabilized lowest excited
state with charge-transfer character (phenothiazine to pyrene)
is followed by fast barrierless geometrical relaxation leading

to a twisted internal charge-transfer state. The initial charge
separation process occurs on the time scale of 10 ps, as shown
by pump-probe and time-resolved Raman experiments. There-
fore, the rise of the CT emission is beyond the time resolution
of the fluorescence experiment.

The photophysical behavior of the minority species, the quasi-
axial conformer, is somewhat different in the meta- and para-
substituted derivatives. Time-resolved fluorescence spectra
recorded for phenylphenothiazine show a change in spectral
distribution (bathochromic shift of maximum by 40 nm) during
the first hundred picoseconds after excitation.26 We therefore
hypothesize that the subnanosecond component observed for5
(in all solvents) is related to geometrical relaxation and could
cause a more effective decoupling of theπ-electronic system
of the phenylpyrene moiety from that of phenothiazine. The
excitation on either of the two subunits appears to decay
essentially independently: the barely quenched excited phe-
nylpyrene moiety, in analogy to1, gives rise to the fluorescence
with a maximum around 400 nm, the phenothiazine subunit
emits, depending on solvent polarity, with its maximum between
415 and 440 nm. The solvatochromism of the phenothiazine
fluorescence causes the unusual broadness of the blue emission
band in acetronitrile.

The postulate of barely quenched phenylpyrene fluorescence
contradicts the intuitive assumption of an ultrafast energy
transfer between two chromophores located within a short
center-to-center distance. In the formula usually used for
nonradiative energy transfer41

the system specific parameters are
(i) IDA ) the spectral overlap between donor fluorescence

and acceptor absorbance,
(ii) τD

0 ) the donor fluorescence lifetime in the absence of
quencher, and

(iii) κ ) (cosΘDA - 3 cosΘD cosΘA) the orientation factor
(ΘDA represents the angle between the transition moment of
donor and acceptor;ΘD and ΘA represent the angle between
the transition dipole moments and the distance vector).

Inspection of Figure 1 shows that the overlap integralIDA is
very small for the pair phenylpyrene and phenylphenothiazine;
furthermore, the lifetime of phenylpyrene is rather large (∼100
ns). Consequently, energy transfer should not be too efficient
even if κ2 is at its maximum value (forΘDA ) 0, ΘD ) ΘA

) 90°). In our phenyl-bridged systems, the relative orientation
of the transition dipole moments changes with geometrical
relaxation. It is therefore difficult to make an appropriate
estimate, even if one ignores that the above formula forκ is
valid only for donor-acceptor distances that are large compared
to the molecular dimensions. Consequently we have evaluated
the more appropriate expression42

with mD, mA being the transition dipole moments andqi
/, qj

/ the
transition charges of the donor and acceptor, respectively.

The results are in accordance with expectation in thatκ2

varied between 0.01 and 1 for different assumed conformations.
In summary, it seems very reasonable that, depending on the
actual situation, the lifetime of the excited phenylpyrene moiety
is reduced to 20-50 ns by energy transfer to phenothiazine.

Figure 15. Comparison of the dependence of the experimental and
the calculated transition energies from the CT state to the Franck-
Condon ground state on solvent polarity parameter for4 (A) and 5
(B). (experimental values:(, 9; BCT: 4, --; ACT: O, -). kDA )
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Because the lifetime of excited phenothiazine is comparatively
short, the fluorescence contribution induced by excitation via
energy transfer can be small and therefore does not lead to a
detectable component with negative amplitude. Energy transfer
possibly manifests itself in the fact that the DAS of the 20-
40-ns component extends further to the red than the fluorescence
spectrum of phenylpyrene. In view of the complexity of the
molecule/solvent system investigated, we do not feel justified
in assigning the short-lived fluorescence component definitively.
Further high-pressure and/or low-temperature experiments will
be needed to clarify this point.

The fluorescence behavior in nonpolar solvents is governed
by the energetics of the CT states, as mentioned above in
connection with the estimates via the Rehm-Weller equation.
In the para-derivative5, the acceptor CT state, ACT, should be
higher in energy than the bridge CT state, BCT (Figure 14).
This implies that charge transfer should stop at the level of the
BCT state. In the meta-derivative, the two CT states are of
similar energy. Whether the ACT state is reached or not also
depends on the barrier in between. We can rationalize the
observed fluorescence behavior if we assume that in case of4
the BCT state is reached but does not efficiently react further
to the ACT state. Instead, back electron transfer may become
operative to create a LE state with a geometrically slightly
modified phenothiazine. If the equilibrium population of these
two states is established fast, then both states decay uniformly,
the spectral distribution of the fluorescence being a weighted
average of the emission spectra of both states.

In the case of the para-derivative5, the BCT state is somewhat
higher in energy than the corresponding LE state of phenothi-
azine. Although it is formed with lower efficiency from the
higher electronically excited LE states, it cannot decay efficiently
to the still higher lying ACT state. Instead, back electron transfer
occurs to the phenothiazine LE state, from which the observed
fluorescence is emitted. In the proposed model, the recorded
fluorescence should be nearly exclusively due to the majority
species. Contributions from the minority conformer should be
difficult to detect since its spectral properties are very close to
those of the majority species.

4. Summary and Conclusion

We have provided strong evidence that the donor-bridge-
acceptor systems investigated can exist in solution as different
conformers with dramatically different photophysical properties.
In the majority of species, internal conversion from the primarily
excited higher electronic states with LE character to the solvent-
stabilized lowest excited singlet state is connected with a
significant charge transfer from phenothiazine to pyrene. In
moderately and very polar solvents, barrierless geometrical
relaxation occurs (rotation around connecting single bonds and
planarization of phenothiazine moiety), thereby ending up in a
kind of twisted internal charge transfer (TICT) state. Conse-
quently, the emission from this relaxed state exhibits a large
solvatochromic effect, as is typical for emission from such
charge-transfer states. For the minority species, the photophysi-
cal properties depend somewhat on the substitution pattern of
the bridging phenyl ring. Similar relaxation processes occur,
but the final, relaxed state has no pronounced charge-transfer
character. The fluorescence therefore resembles that of either
one (or both) of the constituting building blocks.

The interpretation of the fluorescence behavior in nonpolar
solvents is most difficult. Transient absorption and Raman data
provide evidence that charge transfer occurs in the meta-
derivative4. This implies that most of the fluorescence signal

should orginate from the majority species. Since the spectral
distribution is close to that of phenothiazine, we assume, in
accordance with the theoretical predictions, that an equilibrium
is established between the CT state and the LE state of
phenothiazine. If the rates for conversion are fast, then the two
states decay uniformly. This assumption could also explain why
this state decays faster than the pure CT state formed in
moderately polar solvents despite the larger energy gap.

In the para-derivative, for energetic reasons the CT state is
formed with lower efficiency, because it is less stable than the
LE state from which fluorescence occurs with a lifetime typical
for phenothiazine. The appearance of the 300-ps component
should be related to the relaxation of the originally formed CT
state, which is also radiatively coupled to the ground state.
Consequently, the transient absorption spectrum contains sig-
nificant contributions from the excited-state absorption of
phenothiazine.

Our calculations clearly show the existence of a bridge charge
transfer state in which the phenyl bridge plays an active role as
acceptor. In a more extended system, this type of state is
analogous to a bridge-centered polaron. The existence of such
states, however, is intimately connected with torsional relaxation
in D-B-A systems.

The fluorescence data presented show that consideration of
geometrical relaxation is important for explaining the photo-
physical parameters of nonrigid systems. In previous studies,18

we were able to show that applying high pressure helps to
quantify the relaxation processes, since solvent permittivity and
viscosity can thereby be changed without changing intermo-
lecular interaction. Therefore, further work is presently in
progress to gain more insight in the complex behavior, especially
in nonpolar solvents.
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