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The competition between conformational dynamics and electron transfer within a series of phenothiazine-
(phenyl)n-pyrene (n ) 0, 1) electron donor-acceptor dyads of potential use in organic light emitting diodes
was examined using femtosecond transient absorption spectroscopy. The molecular structures of these dyads
permit only torsional motions around the single bonds joining each aromatic subunit. The redox properties of
these molecules are nearly independent of the phenyl bridging group, whereas spectroelectrochemistry shows
that the UV/vis absorption spectra of the oxidized and reduced species vary with the bridge. Each molecule
exhibits dual fluorescence emission which provides evidence for conformational heterogeneity. Emission from
a locally excited state originates from a minority conformation, in which electron transfer is negligible, whereas
emission because of ion pair recombination results from the majority conformation which undergoes electron
transfer. The electron-transfer reactions proceed with time constants<25 ps except in the dyad with the
longest donor-acceptor distance in nonpolar solution, where the free energy of the charge separation reaction
is positive. If electron transfer is sufficiently fast, conformational relaxation within the ion pair state product
occurs on a 100-400 ps time scale, whereas if electron transfer is slow, conformation relaxation with the
locally excited state centered on phenothiazine occurs. In two of the dyads in nonpolar solvents, wherein the
free energy for charge separation is estimated to be very small, strong mixing between the ion pair state and
the locally excited state of phenothiazine is found. The results show that competitive conformational relaxations
can have a strong influence on the charge separation dynamics of donor-bridge-acceptor molecules with
single bond linkages. In turn, these conformational dynamics will undoubtedly have an important influence
on the photophysics of these molecules in the solid-state environment characteristic of light-emitting diodes.

1. Introduction

Molecular systems that contain several electron donors and/
or acceptors tethered together using various types of bridge
molecules have been extensively studied both experimentally
and theoretically.1-15 The principal aims of these studies have
been to develop a better understanding of electron transfer,1-6

to mimic the very efficient electron transfer in the photosynthetic
reaction centers,2,7-9 and to develop molecular electronic devices
such as optically controlled switches and gates.10-13 For device
applications, molecular systems of the type electron donor-
bridge-acceptor have been proposed as active components in
organic light emitting diodes (OLEDs).14,15 Pilot experiments
using such stilbenoid dyads with pyrene as the acceptor and
phenothiazine as the donor15 have proven their potential in one-
layer devices.16 To address fundamental questions regarding the
influence of molecular geometry on device performance raised
in an earlier work, the present study deals with pyrene/
phenothiazine dyads which differ in the regiochemistry of the

covalent linkage and in the type of bridging molecule. The
compounds investigated in this study are shown in Scheme 1.
It was found that, depending on the nature of the bridge and its
substitution pattern, the spectral distribution of the electrolu-
minescence from these dyads can vary from being dominated
by emission from locally excited (LE) states to more or less
pure emission from the charge transfer (CT) state.17 At first
glance, this behavior was not unexpected because in steady-
state fluorescence experiments dual emission was observed. In
these experiments, the relative fluorescence intensities are
dependent on solvent polarity (see below). Time-resolved
fluorescence measurements showed however that the rise of the
CT emission is below the 30 ps time resolution of the apparatus
despite the fact that at wavelengths within the LE emission band
fluorescence decay times of several nanoseconds are found.18

We hypothesize that the emission properties of these dyads can
be attributed to a competition between the intramolecular
electron transfer dynamics and the rotational dynamics of the
donor, bridge, and acceptor around the single bonds linking
them. In this report, we present the results of femtosecond time-
resolved transient absorption measurements which address these
issues. In addition, to develop a better understanding of the
excited state properties and the spectral characteristics of the
photochemically created ion pairs, electrochemical and spec-
troelectrochemical studies are also presented.
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2. Experimental Section

a. Synthesis of Compounds 1-6. A brief description of the
strategies used to synthesize compounds1-618 is presented here.
Complete details are given in the Supplementary Information.
All reactions were carried out under nitrogen, and the solvents

were dried according to standard methods. The purity of the
compounds was controlled by HPLC with a C18 Nucleosil
column.

1-Phenylpyrene (1)19 and 1-(4-bromophenyl)pyrene (13) were
synthesized via the Suzuki coupling reaction20 from 1-bromo-
pyrene (8b) and phenylboronic acid and from 1-bromo-4-
iodobenzene (11) and pyrenylboronic acid (12), respectively.
10-Phenyl-10-H-phenothiazine (2)21 and 3-bromo-10-methyl-
10-H-phenothiazine (9)22 were prepared according to literature
procedures. 10-(3-Bromophenyl)-10-H-phenothiazine (14) was
prepared from 1-bromo-3-iodobenzene using Ullmann coupling.
The syntheses of3-6 are shown in Scheme 2. N-Pyrenyl-
phenothiazine (3) was prepared by Ullmann-type23 coupling of
phenothiazine7 and 1-iodopyrene (8a; Scheme 2a). 10-[3-
(Pyrene-1-yl)-phenyl]-10-H-phenothiazine (4) is prepared using
palladium catalysis as a modification of Ullmann condensation.25

The key-step used in the syntheses of 3-[4-(1-pyrenyl)-phenyl]-
10-methyl-10H-phenothiazine (6; Scheme 2b) and 10-[4-(pyrene-
1-yl)-phenyl]-10H-phenothiazine (5; Scheme 2c) was aryl/aryl
coupling using Suzuki- and Stille-type24 procedures.

b. Steady-State UV/vis Absorption and Emission Spec-
troscopy.UV/vis absorption spectra were recorded on a Perkin-
Elmer Lambda 2 spectrometer; steady-state emission spectra,
on a Perkin-Elmer LS 50B. The actual values of the excitation
wavelength are given in the legends to the figures.

c. Cyclic Voltammetry and Spectroelectrochemistry.For
cyclic voltammetry measurements, a standard one-compartment
three-electrode arrangement was used with a platinum disk as
the working electrode, a platinum wire as the counter electrode,
and a pseudo Ag/AgCl reference electrode. The reversible
oxidation signal of ferrocenium/ferrocene (Fc+/Fc) was used
as an internal standard. The solvent THF and the supporting
electrolyte (tetrabutylammonium hexafluorophosphate TBAH-
FP) were purified according to standard procedures. All
measurements were carried out under nitrogen and the exclusion
of moisture. The cyclic voltammetry was performed with an
Amel 5000 potentiostat. Spectroelectrochemistry was carried

SCHEME 1: Structures of Investigated Compounds and
Abbreviations Used throughout the Text

SCHEME 2: Schematic Presentation of Synthetic Route to the Investigated Compounds
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out using an equipment described recently.26 The UV/vis/NIR
spectra were recorded using a Perkin-Elmer Lambda 9 spectro-
photometer.

d. Transient Absorption Spectroscopy.Femtosecond tran-
sient absorption measurements were obtained using a regen-
eratively amplified Ti:sapphire laser described previously.5

Tunable femtosecond excitation pulses were generated by a two
stage optical parametric amplifier (OPA).27 To excite the pyrene
chromophore in its 340 nm absorption band, the OPA was tuned
to 680 nm and was frequency doubled using a BBO crystal.
The resultant 340 nm beam was separated from the residual
680 nm light by reflection from three dichroic mirrors and was
recollimated with a 100 mm f.l. lens. Typical 340 nm energies
at the sample were 200-500 nJ/pulse. The polarization of the
pump beam was set at the magic angle (54.7°) with respect to
the probe beam to avoid anisotropic effects. The total instrument
response function was 180 fs. Samples for the transient
absorption experiments had optical densities at the excitation
wavelength of∼0.2-0.4 (concentration<10-4 M) in 2 mm
path length cells. Samples were stirred during the experiment
using a wire stirrer to prevent thermal lensing.

3. Results

a. Molecular Structure. In phenothiazine, the N-H occupies
a quasiequatorial position, thus leading to conjugation between
the nitrogen lone pair and the benzene rings. N-substituted
phenothiazines can adopt either quasiaxial or quasiequatorial
conformers.28a,bIn 10-vinylphenothiazine, both isomers (quasi-
axial and quasiequatorial) are present as shown by photoelectron
spectroscopy.29 Calculations using the AM1 Hamiltonian indi-
cate that in 10-phenylphenothiazine (2) the quasiequatorial
isomer is the more stable form. X-ray structure analysis of
compounds4 and5 leads to the structures shown in Figure 1.
The phenyl group occupies the quasiequatorial position, and
the structural subunits are twisted relative to each other. In Table
1, a comparison is found between experimental and calculated
bond lengths for certain bonds, as well as anglesR andâ, which
describe the degree of torsional motion about the single bond
linkages, and anglesγ andδ, which measure the nonplanarity
of the phenothiazine moiety. In comparison with compound2,
in which the torsional angleâ is small, the aryl moieties in4
and5 are twisted with torsional angles of almost 80°.

According to AM1 calculations, the sterically demanding
pyrene group in N-pyrenylphenothiazine (3) occupies likewise
the quasiequatorial position. This is also confirmed by NMR
which shows H1 and H8 of phenothiazine shifted upfield by
about 0.5 ppm. For compound6, the AM1 calculations predict
a torsional angle ofR ) 40° (phenothiazine-phenyl bond) and
â ) 56° (phenyl-pyrene bond).

b. Steady-State UV/vis Absorption and Emission Spectra.
Because we found that the UV/vis absorption spectra are fairly
independent of solvent polarity, we restrict our presentation to
the spectra recorded in CH2Cl2, Figure 2. The absorption
spectrum of the phenyl-substituted pyrene,1, around 350 nm
is dominated by the longest wavelength absorption of pyrene,
Figure 2a. Because the vibrational structure typical for pyrene
is missing, we must conclude that there exists some interaction
between theπ-electronic systems of the phenyl and pyrene.
According to simple AM1 calculations, the dihedral angle

TABLE 1: Selected Geometric Parameters for Compounds 1, 2, 4, and 5a

Distance [Å]

compound C7-C3/4 N1-C1 N1-C29 C29-C30 C30-S1 C33-C32

1 calcd 1.4653
2 calcd 1.4315 1.4150 1.4162 1.6943 1.3934
4 calcd 1.4654 1.4322 1.4162 1.4160 1.6941 1.3934

found 1.4834 1.4578 1.4183 1.4074 1.7667 1.3841
5 calcd 1.4647 1.4320 1.4159 1.4160 1.6941 1.3935

found 1.4810 1.4384 1.4276 1.3970 1.7614 1.3675

Torsional Angle [deg]

compound R â γ δ

1 calcd 60.82
2 calcd 76.56 154.70 15.40
4 calcd 54.32 78.26 155.16 15.72

found 44.82 75.96 141.77 32.60
5 calcd 55.94 78.58 153.97 15.27

found 51.82 80.61 146.11 28.40

a Experimental values are compared with calculated numbers calculated using AM1. Numbering is as indicated in Figure 1 with compounds1
and2 numbered according to substructures of4 and5, respectively. Anglesγ andδ are defined by the atoms C23-N1-S1-C29 and C23-C24-
C30-S1.

Figure 1. X-ray structure determined for compounds4 (top) and5
(bottom; see also Tables 1 and 2).
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around the connecting single bond is only about 60°. The
phenyl-substituted phenothiazine,2, exhibits a much weaker,
structureless absorption because of phenothiazine in the spectral
region around 350 nm, Figure 2a. In the tethered systems,4-6,
if an excitation wavelength around 350 nm is chosen, pyrene
will be preferentially excited because the extinction coefficient
of pyrene is about 10 times larger than that of phenothiazine,
Figure 2b.

The importance ofπ conjugation between pyrene and the
phenyl ring is immediately obvious from a comparison of the
absorption spectra of the phenyl-bridged compounds4 and 5
with the absorption spectrum of3. In the latter compound, the
two π-electronic systems are essentially orthogonal to each
other. Because of their very smallπ-electronic interaction, the
long wavelength absorption band of3 corresponds essentially
to that of pyrene itself. The structureless red absorption band
of 4 and5, on the other hand, resembles that of the reference
compound1. This finding is in accordance with the X-ray
structures determined for4 and5 (Figure 1 and Table 1). For
example, in5, the angleR (torsion of the single bond between
pyrene and phenyl) is around 50°, whereas the angleâ (torsion
of the bond between phenyl and phenothiazine (N)) is about
80°. The X-ray structures also show that the phenothiazine
nitrogen atom has a nonplanar geometry that resembles that of
a sp3-hybridized, pyramidal nitrogen. Of course, one cannot
exclude that the isomer found in the crystal structure is favored
by packing forces rather than by intrinsic differences in free
energy. If this were true, one could expect more than one isomer
to be present in solution. Simple AM1 calculations predict the
quasiequatorial conformer to be the most stable one. Upon
systematic variation of the angleâ and optimization of the

remaining structure, the heat of formation of the quasiaxial
conformer can be estimated. In vacuo, it should be less stable
by about 6 kJ/mol (J. Kurzawa, unpublished results).

The absorption spectrum of the 3-substituted phenothiazine
derivative,6, is notably different from that of the N-substituted
derivatives4 and 5. The most intriguing feature is the long
wavelength tail extending beyond 400 nm. The hypothesis that
this long-wavelength absorption is due to a CT state is
contradicted by the fact that it does not change with solvent
polarity. Therefore, one must conclude that its existence is due
to strongπ conjugation between pyrene and phenothiazine via
the intermediate phenyl bridge. More sophisticated MD calcula-
tions are in progress to verify this hypothesis.

The emission spectra of5 in methylcyclohexane, CH2Cl2, and
acetonitrile are compared in Figure 3. In the latter two solvents,
dual emission occurs. The red emission band shows a large
solvatochromic shift and can therefore unambiguously be
assigned to a CT fluorescence. As has been mentioned above,
the spectral distribution of the fluorescence varies with excitation
wavelength, Figure 4. This fact suggests the existence of
different conformers with different photophysical properties, e.g.,
different yields for CT formation. As one might expect, the
maxima of the CT-fluorescence bands of compounds4 and5
are very similar and, somewhat unexpectedly, also similar to
that of the directly connected system3.17,18 The CT emission
of the other phenyl-bridged system,6, peaks at a much shorter
wavelength indicating either a smaller change of the free energy
of charge separation,∆GCS, or a smaller reorganization energy
in the electronic ground state (see also discussion below). A

Figure 2. UV/vis absorption spectra of the compounds under
investigation in CH2Cl2 (top) 1 (s) and 2 (- - -); (bottom) 3 (‚‚‚), 4
(- - -), 5 (s), and6 (-‚-‚-).

Figure 3. Fluorescence spectra of5 in Me-CH (s), CH2Cl2 (- - -),
and ACN (‚‚‚); c ) 2 × 10-5 M, λex ) 300 nm.

Figure 4. Variation of the fluorescence spectrum of5 in CH2Cl2 with
excitation wavelength,λex ) 280 (s), 287 (‚‚‚), 300 (- - -), and 344
nm (-‚-‚-).
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detailed description and analysis of the steady state and time-
resolved emission of all investigated compounds will be given
elsewhere (A. Stockmann et al., manuscript in preparation).

c. Spectroelectrochemistry and Cyclic Voltammetry.The
redox potentials of compounds1-6 as well as those of pyrene
andN-methylphenothiazine are listed in Table 2. The oxidation
potentials ofN-methylphenothiazine andN-phenylphenothiazine,
2, are almost the same. This can be explained by the fact that
the phenyl substituent is in a “twisted” equatorial position, and
therefore, the interaction between the phenothiazine and the
phenyl subunits is negligible. All phenothiazine derivatives are
reversibly oxidized at about 0.31 V. This clearly indicates that
site selective oxidation occurs leading to the phenothiazine
radical cation and that the intramolecular interaction in the
ground states is weak. The reduction potentials of3-6 differ
only slightly and are altogether at slightly less negative potentials
compared with pyrene reduction. Whereas the first reduction
step in3-6 is either reversible or quasireversible, subsequent
reduction to the dianion leads to an irreversible wave which
may be due to a fast protonation of the dianion. In summary,
the electrochemical reduction and oxidation of the phenothiaz-
ine/pyrene dyads indicate that donor and acceptor groups behave
independently and that the linker groups have almost no effect
on the electrochemical properties in the ground state.

Spectroelectrochemistry confirms the findings of cyclic
voltammetry that the subgroups in their ground state configu-
ration are weakly coupled. The absorption maxima of the radical
cations and radical anions of1, 2, 4, and5 are listed in Table
3. Representative examples for radical cation and radical anion
formation are shown in Figures 5-7. Because of problems with
solubility of 6, the spectroelectrochemistry of the 10-heptyl
derivative16was investigated. The typical radical ion transitions

occur as a broad absorption band in the NIR region, and intense
absorption bands show up between 400 and 650 nm. It is
interesting to note that the spectral distribution of these red-
shifted absorption bands is strongly dependent on the overall
substitution pattern of the molecules. Whereas the absorption
spectrum of the pyrene radical anion shows an extremely sharp
peak around 490 nm,30 the radical anion of phenylpyrene
exhibits a rather broad band with weak vibrational structure. A
similar effect is found for phenothiazine and phenylphenothi-
azine. It indicates a weak delocalization of the unpaired electron
across the phenyl moiety. In the bridged systems4-6, such a
delocalization is dependent on the actual linkage pattern and
thus causes differences in the appearance of the absorption
spectra of the reduced and oxidized species. Such a variation
also shows up in the transient absorption spectra of the radical
ion pairs generated by photoinduced intramolecular electron
transfer (see below).

d. Transient Absorption Spectroscopy.In accordance with
the well-known excited-state absorption of pyrene, we find an
absorption band in the spectral region around 480-550 nm when
the phenylpyrene reference compound1 is excited at 340 nm,
Figure 8. The phenylphenothiazine reference compound2
exhibits an excited-state absorption which peaks around 650
nm. In both cases, the transient absorption rises with the
instrument response time of about 200 fs. An initial fast decay
with τF ≈ 30 ps is observed for both molecules. Because this
decay is also observed in nonpolar solvents, it is not due to
solvent reorganization. This fast relaxation may be due to a

TABLE 2: Half-Wave Oxidation and Reduction Potentials
of Reference Compounds and Compounds under
Investigation (in THF, c ) 10-3 M, 0.1 M TBAHFP, V )
250 mV/s)a

compound
oxidation:

Eox [V]
reduction:
Ered [V]

N-methylphenothiazineb 0.32
pyrene30a 0.91 -2.54
1 -2.57c

2 0.33
3 0.33 -2.47
4 0.31 -2.48
5 0.31 -2.49
6 0.31 -2.51

a Referenced relative to Fc+/Fc. b Spreitzer, H. Ph.D. Thesis, 1995,
Universität Regensburg.c Quasireversible wave∆E ) 145 mV.

TABLE 3: Absorption Maxima of the Radical Cations and
Radical Anions of Reference Compounds and Compounds 1,
2, 4, and 5 Derived from Spectroelectrochemical
Experiments (cf. Figures 5-7)

compounds
formation
of radical

position of absorption
maximaλmax [nm]

pyrene (in ACN)30a anion 1030(w), 930(w), 735(m),
575(sh),490(s)

N-methylphenothiazine
(in ACN)a

cation 845(w), 755(w), 510(s)

1 (in THF) anion 795, 627, 591, 539, 493
2 (in THF) cation 866, 755, 515

4 (in THF) cation 872, 781, 518
anion 882, 560, 508

5 (in THF) cation 869, 780, 515
anion 875, 644, 563, 502

a Spreitzer, H. Ph.D. Thesis, 1995, Universita¨t Regensburg. Figure 5. Evolution of the absorption spectra of the radical cations
and radical anions in THF/0.1 M TBAHFP on stepwise cyclic sweep
oxidation respectively reduction. (top) radical anion formation of
1-phenylpyrene1; (bottom) radical cation formation of 10-phenyl-
phenothiazine2.
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torsional relaxation around the single bond connecting the
phenyl to the chromophore.

When measured with delay times of more than about 5 ps,
the transient absorption spectra of the directly connected system
3 in all solvents exhibits only one fairly sharp band centered
around 490 nm, Figure 9. The band decays uniformly with a
decay time of several nanoseconds (cf. Table 4), which is similar
to the lifetime for the CT-emission decay.18 This means that
the observed transient absorption band must be due to the pyrene
radical anion formed by charge separation. Additional evidence
for the latter conclusion is the fact that the known absorption
spectrum of the parent pyrene anion peaks at 490 nm (Table
3). The transient absorption spectra taken in Me-CH with delay
times of 0.5, 3, 5, and 10 ps, respectively, demonstrate that the
490 nm absorption band of the pyrene radical anion must be
nearly identical to the S1 f Sn excited-state absorption of pyrene
itself, Figure 9, because for a delay time∆t ) 0.5 ps the band
intensity has already reached about 75% of the maximum
absorption. The fact that the maximum absorption is found for
delay times around 20 ps points to a very fast electron-transfer
process. Whereas the absorption around 490 nm increases upon
charge separation, the absorbance above 550 nm decreases on
the same time scale because in that wavelength range the
excited-state absorption is larger than that of the pyrene anion.

The transient absorption spectra recorded for5 in Me-THF
and ACN are fairly similar, Figure 10a. They exhibit two major
bands around 520 and 570-585 nm, respectively, with the latter
one being somewhat more intense in Me-THF. In neither
solvent is there much absorption at wavelengths greater than
620 nm. In Me-CH, the transient absorption appears rather
broad for two reasons: (i) in the region between the two above-

mentioned peaks, the absorption is also very high and (ii) one
finds a fairly strong absorption around 650 nm, where the
excited phenothiazine absorbs (see Figure 8). One finds that
the absorption increase on the time scale of several picoseconds
is not very uniform across the range 500-700 nm in contrast
to the data obtained in Me-THF and ACN.

The transient kinetic behavior of the red absorption maximum
is similar in all three solvents (cf. Table 4) in that the fit requires
three components: a fast rising component (3.5-8 ps) of low
amplitude which must be related to the electron-transfer process,
a fast decaying component (80-325 ps) which could be related
to a structural relaxation of the dyad geometry, and a slow
component which represents the decay of the CT state. It is
interesting to note that in Me-THF, a medium polarity solvent,

Figure 6. Formation of radical cation (top) and radical anion (bottom)
of 10-[4-(1-pyrenyl)phenyl]-10-H-phenothiazine5 in THF/0.1 M
TBAHFP.

Figure 7. Formation of radical cation (top) and radical anion (bottom)
of 3-[4-(1-pyrenyl)phenyl]-10-heptyl-10-H-phenothiazine16 in THF/
0.1 M TBAHFP.

Figure 8. Transient absorption spectra of compounds1 (b) and2 (0)
in Me-THF recorded 5 ps after excitation at 340 nm.
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5 exhibits by far the longest CT lifetime. It is possible that the
CT state and the LE state of phenothiazine are in a thermal
equilibrium based on the fact that in Me-CH there is a
significant absorbance in the range of the phenothiazine excited-
state absorption and its lifetime is reduced.

The relaxation kinetics of5 in Me-CH at a probe wavelength
of 600 nm are exactly as described before. However, at probe
wavelengths in the region 450-515 nm one observes after the
initial instantaneous rise a very fast decay withτ ≈ 1.5 ps
followed by a rise withτ ≈ 10 ps, Figure 10b. This behavior
can be explained by assuming that after excitation into the
Franck-Condon state, an initial relaxation occurs leading to a
state with a lower extinction coefficient for S1 f Sn absorption
or with a higher cross section for stimulated emission S1 f S0.

If one compares the narrow transient absorption spectrum of
the charge transfer state in the directly bound system3 with
the broad spectrum of the phenyl-bridged system5, then one
can ask whether the appearance of the band around 600 nm is
caused by the enlargement of theπ-electron system of the
pyrene anion radical or that of the phenothiazine cation radical
due to conjugation with theπ-electron system of the phenyl
bridge. Related to this question, it is interesting to note that in
derivative4, in which the bridge is a meta-substituted phenyl,
the transient absorption spectra have a similar shape to those
observed for5 in the corresponding solvents, Figure 11. This
implies also that the 600 nm peak is more intense in Me-CH
and less intense in ACN than the 520 nm peak assigned to the
pyrene centered radical ion. Again we find a somewhat more
pronounced increase in optical density around 550 nm than
around 520 nm, where the absorption rises instantaneously to a

fairly large value because of the large excited state absorption
of the directly excited pyrene moiety. Therefore, the formation
of the CT state is best monitored at a probe wavelength of about
575 nm.

Fitting the kinetic traces for4 requires only one fast rising
component (τR ≈ 5.2-12 ps), a fast decaying component, and
one slow decaying component (see Table 5). In view of the
small amplitude found for the fast decaying component in
derivative5, the lack of that component in the fit of the transient
absorption spectra of4 must not necessarily mean that the
postulated structural relaxation does not occur. Otherwise,4
behaves similar to5, in which the bridge is a para-substituted

Figure 9. Transient absorption spectra of compound3 in Me-CH
recorded for different delay times: 0.5 ps (O), 3 ps (+), and 10 ps
(9). Excitation wavelength was 340 nm.

TABLE 4: Rise (τR) and Decay Times (τF and τS) Derived
from Fits of the Transient Absorption Kinetics Measured in
Solvents of Different Polarity

solvent 3 4 5 6

Me-CH τR [ps] 25 12 12 1.6
τF [ps] 325c 430a

τS [ps] 3000 3200 2800 3700
Me-THF τR [ps] 14b 6.9 5.6 5.6

τF [ps] 140c 400c

τS [ps] 3600b 4600 5800 3700
ACN τR [ps] 12 5.2 3.5 1.4

τF [ps] 80c 130c

τS [ps] 4000 1700 920 580

a These components are interpreted as geometrical relaxation in the
LE state.b Measured in CH2Cl2. c These components are interpreted
as geometrical relaxation in the CT state.

Figure 10. (top) Transient absorption spectra of compound5 in (a)
Me-CH, (b) Me-THF, and (c) ACN recorded at different delay time.
Excitation wavelength was 340 nm. (bottom) Transient kinetics of
compound5 in Me-CH observed at different wavelengths:λdet ) 515
nm (0) and 600 nm (O, curve shifted by 100 ps). The solid lines
represent fit curves.
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phenyl. The lifetimes of the CT states of compounds4 and5 in
Me-THF are also similar.

In the transient absorption spectra of derivative6 in the
nonpolar solvent Me-CH, Figure 12, we find at early times
(∆t ) 1ps) a broad, structureless absorption in the wavelength
region from 450 to 700 nm which can be approximated as a
superposition of the excited-state absorption spectra of reference
compounds1 and2. The fitting of the transient kinetics shows
three lifetimes: a fast rising component with aboutτR ≈ 2 ps,
a fast decaying (τF ≈ 430 ps), and a slow component withτS ≈
4 ns.

At first glance, the transient spectra recorded for compound
6 in Me-THF solvent are quite unusual, Figure 12. At short
delay times (∆t ) 5 ps), the appearance of the spectrum is
dominated by the minimum around 480 nm and the maximum
around 525 nm. At later times, the most striking feature is the
broad minimum around 555 nm. If one keeps in mind that the
emission of phenothiazene, e.g., model compound2, peaks
around 430 nm and extends to about 500 nm, then it is obvious
that the apparent reduction in transient absorbance around 480
nm at short delay times∆t is due to stimulated emission from
the locally excited phenothiazene. Around 525 nm, the increase

in absorbance is due to the excited state absorption of the
substituted pyrene, or eventually, because of a good conjugation
across the whole system, to the absorption of an excited state
which is delocalized across the whole molecule (cf. also the
rather broad spectrum in acetonitrile). For delay times greater
than 25 ps, when charge transfer is certainly complete, the
transient absorbance in the wavelength region around 550 nm
is lower than expected for the absorption of the CT state because
of the stimulated emission from the CT state. From the increased
absorbance values between 460 and 500 nm, one can conclude
that the radical ion pair (CT state) indeed exhibits a rather broad
absorption band in the wavelength range 470-700 nm. The
change of the signal intensity in this wavelength range is rather
small once charge separation is completed because induced
emission CTf S0 and radical ion pair absorption are both
proportional to the number of molecules in the CT state. This
expectation is nicely verified in the kinetic traces recorded at
555 nm. The formation time of the CT state is about 6 ps,
whereas its decay time is around 3.7 ns. At a 680 nm probe
wavelength, one also finds a fast decaying component (τ ≈ 400
ps), which should again reflect a structural relaxation. If the
probe wavelength is 480 nm, then one observes a time course
of the transient absorption which is similar to that of derivative
5 in Me-CH. After an instantaneous rise, one observes a fast
decay (τ ≈ 1.1 ps) followed by a large increase withτR ≈ 6.6
ps. As mentioned before, the 1.1 ps decay could reflect the
vibronic relaxation of locally excited pyrene.

If one switches to acetonitrile as solvent, the immediate
absorbance change (∆t ) 0.5 ps, cf. Figure 12) has great
similarity with the superposition of the excited-state absorption
spectra of the reference compounds1 and2. Within an additional

Figure 11. Transient absorption spectra of compound4 in (a) Me-
CH, (b) Me-THF, and (c) ACN recorded at different delay times.
Excitation wavelength was 340 nm.

TABLE 5: Characteristic Parameters of the Systems under
Investigationa

E00

[eV]
PDF
[eV]

∆Get

[eV] Me-CH
∆Get

[eV] CH2Cl2
∆Get

[eV] ACN
RDA

[Å]
µest

[D]

3 3.34 -0.54 -0.81 -0.98 -1.0 4.35 21
4 3.38 -0.59 -0.12 -0.87 -1.0 7.85 38
5 3.38 -0.59 -0.06 -0.85 -1.0 8.49 41
6 3.38 -0.56 0.25 -0.76 -0.98 12.8 61

a ∆Get was calculated by means of the Rehm-Weller equation.

Figure 12. Transient absorption spectra of compound6 in (a) Me-
CH, (b) Me-THF, and (c) ACN recorded at different delay times.
Excitation wavelength was 340 nm.
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picosecond, the absorption around 575 nm nearly doubles which
provide evidence for a very fast transition into the CT state (τR

≈ 1.4 ps). The fast decaying component has a decay time of
about 130 ps; the lifetime of the CT state is the shortest of all
investigated compounds (580 ps).

The transient absorption spectra recorded from6 in Me-
CH and ACN differ greatly from those obtained for derivatives
4 and 5 in these solvents. In ACN, only one absorption
maximum is found around 575 nm. In Me-CH, large absorption
is observed in the wavelength range 500-600 nm, but signifi-
cant absorption is also seen above 600 nm. This could again be
taken as evidence that absorption from the locally excited
phenothiazine contributes to the absorbance above 600 nm. In
the kinetic traces, the fast decaying component can hardly be
seen. This means that either structural relaxation is almost
negligible or that the effect on the excited-state absorption
coefficient is smaller.

4. Discussion

When dealing with photoinduced electron transfer in bridged
donor-acceptor systems, the first aspect to be discussed is
usually the free energy for charge separation. It can be estimated
by using a simplified Rehm-Weller equation:

where Eox
D and Ered

A represent the oxidation and reduction
potentials of donor and acceptor, andEoo the excitation energy
of the photoexcited species (in our case pyrene and phe-
nylpyrene). The polar driving force, PDF, is usually determined
for polar solvents such as THF (cf. Table 2). If photophysical
measurements are performed in different solvents, corrections
have to be made employing the relative dielectric constant of
the actual solvent and effective radii for the generated radical
ions. Similarly, the Coulombic energy necessary for charge
separation in the actual solvent must be estimated by assuming,
e.g., the separated charges to be localized at certain points within
the extended donor and acceptor species. In our case, the positive
charge is fixed on the nitrogen of the phenothiazine because
photoelectron spectra show that the first ionization potential is
N-centered, whereas the second is S-centered.29b The negative
charge is located in the center of pyrene. Taking into account
the energy of orientational changes of the solvent molecules
surrounding the reactants on basis of the Born equation, one
gets

whereRDA represents the distance between the two (localized)
charges,rD andrA are the radii of the donor and acceptor radical
ions, andεs andεr refer to the dielectric constants of the actual
solvent and that in whichEox andEred were determined.

Because the oxidation and reduction potentials determined
for the compounds studied here, Table 2, are only weakly
dependent on the nature and geometry of the bridge and because
the variation in the electronic excitation energyEoo is also small,
larger variations in∆Get are brought about only by the changes
in RDA. The radii of the radical ionsrD andrA are set at a fixed
value of r ) 380 pm, which was deduced from the results of
molecular modeling calculations on the AM1 level. Within the
assumptions described above, the magnitude of the estimated
dipole moment generated upon charge separation increases from
about 20 D in3 via about 40 D in4 and5 to about 60 D in the

most extended system6, Table 5. Therefore it is not surprising
that in polar solvents (acetonitrile) photoinduced electron transfer
should be exergonic by about 0.9-1.2 eV, whereas in nonpolar
solvents it is strongly exergonic only in the directly coupled
system3. Depending on the magnitude of the entropic term
T∆S, which is usually neglected, and the quality of our estimated
ionic radii, formation of the CT state should occur with a large
rate constant in the N-linked systems4 and5 but probably not
in 6, which has the longest donor-acceptor distance.

In accordance with Marcus theory, the rate for charge
separation can be written as

with FCWD ) Franck-Condon weighted density of states:

The rate reaches a maximum when∆Get is equal to the
reorganization energyλ, which is the sum of the inner (λi) and
outer (λo) reorganization energy. For the phenyl-bridged systems,
the outer reorganization energy can be approximated withr )
rA ) rD (in Å) by31

For the directly coupled system,3, the dipole approximation
should be used becauseRDA ≈ rA ≈ rD. Accordingly, the outer
reorganization energy can be calculated as31b

with the dipole momentµCT (in Debye) of the charge separated
state and a (in Å) the radius of the solvent cavity. In nonpolar
solvents, one getsλo ≈ 0 eV in both cases. Therefore, the total
reorganization energy in these solvents equals approximately
λi. There are estimates in the literature forλi of phenothiazine
derivatives, namely,λi ) 0.20-0.27 eV32 and pyrene derivatives
(formation of anion), namely,λi ) 0.07 eV.33

Using eq 6 in case of derivative3, one findsλo ) 0.33 eV
(0.47 eV) for CH2Cl2 (ACN). Therefore, ∆Get

o + λ is
significantly negative. Because the solvent reorganization energy
increases with increasing distanceRDA in the phenyl-bridged
systems,λo varies from 0.75 eV (1.03 eV) in derivate4 to 1.02
eV (1.40 eV) in derivate6 in CH2Cl2 (ACN) solvents. This
means that the absolute magnitudes of∆Get

o andλ may actually
become very close in solvents of medium and high polarity.
As a consequence, photoinduced electron transfer could be faster
in the phenyl-bridged systems despite the expected weaker
coupling matrix element V than in derivative3. The data
presented in Table 4 support these considerations.

As discussed earlier, phenyl substitution causes the 480 nm
absorption band of the pyrene anion to spread out and extend
from about 450 to 650 nm, Figure 5. It therefore overlaps
strongly with the absorption of the phenyl substituted phenothi-
azine cation. By comparing the increase of absorbance because
of radical ion formation and the decrease because of disappear-
ance of the parent compound shown in Figures 5-7 one can
estimate that the absorption by the pyrene anion is about 4 times
larger than that of the phenothiazine cation. Therefore, the
transient absorption induced by the generation of the radical
ion pairs should be dominated by the contribution of the pyrene

∆Get ) (Eox
D - Ered

A) - Eoo + ∆E ) PDF+ ∆E (1)

∆E ) e2/4πεo[(1/2rD + 1/2rA) (1/εs - 1/εr) -1/(εsRDA)]

(2)

ket ) 4π2

h
V2FCWD (3)

FCWD ) (4πλkBT)-1/2 exp[-(∆Get
o + λ)2/4λkBT] (4)

λo (in eV) ) 14.43(1/r - 1/RDA)(1/n2 - 1/εs) (5)

λo (in eV) )
0.624µ2

CT

a3
{(εs - 1)/(2εs + 1) - (n2 - 1)/

(2n2 + 1)} (6)
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anion. It is also noteworthy that changing the position of
substitution on the phenothiazine causes a significant change
in the absorption spectrum of the cation (compare Figures 6
and 7). These observations can qualitatively explain the shapes
of the transient absorption spectra in Me-THF and ACN for
which the occurrence of electron transfer is proven in all
derivatives by the appearance of CT fluorescence. They also
support the interpretation of electron-transfer being an important
relaxation path in Me-CH for derivatives3-5.

From the point of view of transient absorption spectroscopy,
a drawback of using pyrene as an electron acceptor is the small
difference between the absorption spectra of the S1-excited state
and of the radical anion, respectively. Evidence beyond doubt
that pyrene radical anions are formed in the phenyl-bridged
systems3-5 even in nonpolar solvents could be provided by
picosecond Kerr-gated Raman spectroscopy.34,35These experi-
ments also prove that in the most extended system6 photoin-
duced formation of a pyrene anion does not occur in Me-CH.
This raises the question of which processes are responsible for
the fast rising component with small amplitude observed in the
transient absorption spectra of6 in all solvents.

Inspection of the data in Table 4 shows that the rise time
assigned to charge separation in derivatives3-5 decreases with
increasing solvent polarity. This behavior is in accordance with
expectation based on Marcus theory (see the discussion above).
Molecule 6, which has the longest donor-acceptor distance,
shows an absorption rise in Me-CH that is faster than any rise
shown by the other derivatives. This excludes the assignment
of this component to photoinduced electron transfer. On the
other hand, we have seen fast components (τ e 3 ps) in the
kinetic traces of this compound in Me-THF and of5 in Me-
CH which we interpreted as relaxation of the initially prepared
Franck-Condon state via vibrational energy redistribution and
vibrational relaxation (thermalization of the vibronic excitation).
If this process causes a small increase in absorbance, it is of
course difficult to detect next to the increase caused by the
charge separation process. If, on the other hand, it causes directly
or indirectly (e.g., via a decrease in stimulated emission) a
decrease in the transient absorption, it can more readily be
observed despite the following increase in absorbance because
of charge separation. In the case of6 in Me-CH, the small
increase in absorbance because of vibrational relaxation can,
in our opinion, be monitored because the charge separation does
not occur. In favor of such an explanation is the fact that in6
there are obviously a series of low-frequency modes which
contribute to the absorption in the long wavelength tail, Figure
2.

Another feature to be explained is the occurrence of the fast
decaying component (80 ps< τF < 400 ps), which we assign
to a conformational relaxation in the charge separated state.
Conformational relaxation in electronically excited states is a
well-known phenomenon. The magnitude of the torsional angle
R is determined by the balance between the steric repulsion of
the hydrogen atoms and the stabilization due toπ-conjugation
across the formal single bond. If the latter is changed upon
π-electronic excitation, the equilibrium geometry (torsional
angle) in the excited state differs from that of the ground state.
In the case of phenothiazine, several studies36,37 have shown
that the amount of folding around the N-S axis decreases upon
formation of its radical cation (increase of the dihedral angle
from about 160° to about 170°). Furthermore, photoionization
studies29b suggested that the amine part of phenothiazine, which
is pyramidal in the neutral ground-state, adopts a more planar,
sp2-hybridized geometry in the cationic ground state (as is well-

known forsN+R2 functional groups). It was therefore suggested
that phenothiazine in its electronically excited states should
undergo conformational relaxation leading toward the geometry
of the radical ion. If the bending angle of the phenothiazine
molecular plane changes with electronic state, then this also
has an effect on the potential curve describing the rotation
around the attached single bond.

The transient absorption spectra recorded for the reference
compounds1 and 2 provide direct evidence for this type of
conformational relaxation to occur in solvents of low viscosity
on a time scale of about 30 ps. In the phenyl-bridged systems,
the relaxation process is obviously slowed and the amplitudes
eventually reduced as judged by the smaller amplitudes of this
component. Conformational relaxation from the Franck-Con-
don state should occur if no other fast relaxation process
competes, like in the case of6 in Me-CH. If, on the other
hand, the circumstances are right for fast electron transfer to
take place, charge separation will occur from the unrelaxed
conformation and will then be followed by the conformational
relaxation in the charge separated state. It is a fair assumption
that the energy changes due to structural relaxation are of the
same order of magnitude in both the LE and the CT state and
consequently also are the observed relaxation times. Looking
more closely, one finds again that the relaxation time determined
for 5 increases when going from a polar to nonpolar solvent,
Table 4. For6, such an increase is found for the pair Me-
THF/ACN. In Me-CH, the relaxation time is lower than in
Me-THF suggesting also that the electronic state, in which this
process occurs, is different in nature, namely, LE rather than
CT.

In principle, conformational relaxation should also occur in
4. It seems that the difference in overall geometry caused by
the different substitution pattern of the bridging phenyl ring must
be made responsible for the difference in absolute size of the
observed effect.

The compound specific dissimilarities in energy of the CT
and LE states can also explain the variations in the transient
absorption spectra recorded in Me-CH. Whereas in the directly
coupled system3 the CT state is lower in energy by about 0.7
eV, these two states are nearly isoenergetic in the N-substituted
and phenyl-bridged systems4 and 5. Consequently, strong
mixing of the CT state with the LE state, especially the S1-
excited state of phenothiazine, most likely occurs. As a
consequence, the absorption spectrum assigned to the CT state
should show features characteristic for the phenothiazine
excited-state absorption as seen in Figures 10 and 11. It appears
as if this mixing is more pronounced in5 than in4. This trend
might reflect the electron-transfer energetics with-∆Get for 5
being smaller than that for4. In addition, the decay of the CT
states should be enhanced because of this mixing with the LE
states as is actually observed when comparing the lifetimes of
4 and5 in Me-THF and Me-CH.

In summary, the energetic ordering of the LE states relative
to the CT state as predicted from free energy estimates based
on the Rehm-Weller equation allows a qualitative explanation
of the results obtained by transient absorption spectroscopy. In
the systems under investigation, several interesting limiting cases
are realized. If electron transfer from the excited state of pyrene
is highly exergonic, then charge separation occurs in less than
15 ps and is followed by conformational relaxation in the CT
state. The transient absorption is characteristic for the pyrene
anion. If, on the other hand, the CT state is nearly isoenergetic
with the S1 state of phenothiazine, then absorption characteristics
of the S1 f Sn absorption of phenothiazine show up in the
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transient spectra. In the third case, repesented by the most
extended system6 in nonpolar solvent, the CT state lies higher
than the S1 states of both the donor and the acceptor. Because
electron transfer is forbidden for energetic reasons, conforma-
tional relaxation occurs in the locally excited (LE) state.

Torsion around the single bonds connecting the phenyl bridge
with the donor and the acceptor is most likely the predominant
internal degree of freedom responsible for the observed con-
formational relaxation. In addition, the bending of the molecular
plane of phenothiazine could make an important contribution.
Understanding the influence of these molecular motions on the
photophysics of charge separation with these dyads will prove
important in their application to solid state devices. It is likely
that restricting conformational relaxation of the photoexcited
dyads in the solid state will strongly influence the performance
of these devices.
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