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Femtosecond broad-band pump-probe spectroscopy has been used to study intramolecular bichromophoric
coupling and structural relaxation in pyrene and aryl pyrene derivatives in solution. The influence of aryl
substituents on the S2 f S1 internal conversion process, which occurs with a time constant of∼75 fs in
pyrene, has been investigated. While in 1-phenylpyrene the internal conversion is faster than 50 fs, it is
slower in 1-biphenyl-4-yl-pyrene (105 fs). The temporal evolution of the transient absorption spectrum indicates
strong mixing of several “zero-order” electronic configurationsswhich evolve separately with timesin the
S1 and the S2 states. The time-resolved spectra are interpreted within the framework of an adiabatic state
model which includes interchromophoric electronic coupling. In this paper we give a full description of the
experimental setup, the data acquisition procedure, and several experimental details about the characterization
of the broad-band femtosecond white light source.

I. Introduction

Understanding electronic communication between chro-
mophores in complex molecular architectures is key for the
design and construction of functional nanoscale photonic
devices.1,2 Such communication is based on interchromophore
electronic coupling which mediates electron and/or excitation
energy transfer.3-7 In addition to interchromophore transfer
processes, there are intrachromophore radiationless transitions
which compete with energy and electron transfer. To investigate
the interplay between electronic and vibronic relaxation mech-
anisms, advanced spectroscopic techniques can be applied to
monitor the ultrafast molecular dynamics on the time scale of
the nuclear motion.8,9

Since the discovery of excimer formation by Fo¨rster and
Kasper in 1954,10 pyrene has been used as a chromophore in
various charge and energy transfer systems, both to investigate
the nature of elementary photophysical processes11-20 and to
probe structure and dynamics in biological systems.21-26 Despite
the vast number of pyrenyl donor (D)-acceptor (A) systems
reported, the excited state dynamics of pyrene are still not
completely understood. It is generally assumed that the initially
excited statesoften referred to as the locally excited state (LE)
in D/A assembliessis the S1 state (1B2u; short axis polarized)
of pyrene. Although the S0 f S1 transition has a vanishing
extinction coefficient27 and excitation into the long-wavelength

absorption band in solution generally populates the S2 state
(1B1u; long axis polarized), it is widely assumed that the S2 f
S1 internal conversion (IC) is faster than subsequent photo-
chemical processes. The origin of the ultrafast IC lays in the
small energy gap (∼2700 cm-1 in hydrocarbon solution28),
which allows efficient vibronic coupling.28-31 This assumption
is certainly valid for intermolecular D/A systems where the
charge transfer (CT) is limited by diffusional motion.11,12,14

However, when aπ-conjugated donor or acceptor moiety is
directly linked to pyrene (e.g. through a singleσ-bond), the two
low-lying excited states are perturbed and the electronic nature
of the LE state becomes unclear.32

In this paper we present our broad-band femtosecond pump-
probe method which has been designed to monitor the spectral
evolution after optical pumping in (multi)chromophoric systems.
Focusing on the bichromophoric interactions in pyrene deriva-
tives, we demonstrate how excited-state spectra can provide
information about the composition of excited-state wave func-
tions and, therefore, about time and conformationally dependent
electronic coupling in multichromophores. Moreover, we will
focus on the S2 f S1 IC process in pyrene, which is an intrinsic
part of the excited-state dynamics in all pyrenyl molecular
architectures. We investigated the IC dynamics in three pyrene
derivatives (see Chart 1) and studied the influence of the aryl
substituents on the nature of this process.

The paper is structured in the following way. In section II
we give a detailed description of our experimental setup and
explain the data acquisition and analysis procedures. In section
III we present steady state and femtosecond time-resolved data
of pyrene (P), 1-phenylpyrene (Ph-P), and 1-biphenyl-4-yl-
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pyrene (BPh-P) and address a fundamental experimental
problem regarding femtosecond measurements in solution. In
section IV we will present a model to describe the spectral and
dynamical features observed inPh-P andBPh-P based on the
spectroscopic properties of pyrene and intramolecular bichro-
mophoric coupling. Within the frame of this model we derive
structural information directly from the time-dependent evolution
of the transient spectra. Finally, we discuss the implications of
this study on the description of ultrafast charge-transfer
processes in conjugated molecular assemblies.

II. Experimental Section

A. Femtosecond Experimental Setup and Data Acquisi-
tion. A detailed schematic of our femtosecond pump-probe
spectrometer is shown in Figure 1. A fraction of the output of
a commercial titanium/sapphire amplifier system (Clark-MXR,
Inc., CPA-2001, 775-nm, 150 fs, 800µJ, 1 kHz) is split into
two beams with energies of 4 and 230µJ, respectively. The
high energy beam is used to pump a commercial two stage
visible noncollinear optical parametric amplifier (NOPA). The
output of the NOPA is a chirped broad-band pulse, tunable
between 450 and 700 nm with energies of about 5-15µJ which

is compressed using a two prism (P1 and P2) compressor.33

The resulting pulse durationssmeasured by a commercial
autocorrelatorsare typically between 20 and 40 fs fwhm
(assuming Gaussian pulse shape). Tunable femtosecond pulses
in the UV region are available through second harmonic
generation of the NOPA output in a 100µm thick BBO crystal
(type I phase matching) and subsequent compression.34 To
minimize Fresnel losses in the compressor prisms (P3 and P4),
the polarization of the second harmonic must be horizontal.
Hence, the NOPA output polarization before the doubling crystal
is changed from horizontal to vertical by a pair of mirrors M7
and M8.

The optical density changes induced by optical pumping in
the sample are probed by a delayed femtosecond white light
continuum (WLC) generated by tightly focusing the lower
energy beam (4µJ) into a 3 mmthick rotating CaF2 plate.
Collimation of the wide spectrum is performed by a 30° off-
axis parabolic mirror PM1 with an off-axis focal length of 77
mm. Depending on the alignment, the WLC provides a usable
probe source between 320 and 750 nm. A dielectric mirror MS
with a customized multilayer coating is used for attenuation of
the fundamental (775 nm) and to smooth the probe spectrum
(see inset of Figure 2).

After it passes the mirror MS, the WLC is split into two
beamssprobe and referencesusing a wedged beam splitter. The
reference beam is directed through a sample volume which is
not affected by the pump pulse. Both the probe and reference
spectra are detected independently and simultaneously by a CCD
array. Pump, probe, and reference beams are focused in the
sample by a 90° off-axis parabolic mirror with an off-axis focal
length of 100 mm. The angle between pump and probe beam
is kept below 5°. The pump beam spot size into the sample is
controlled by varying the distance between two lenses (L1 and
L2) with focal lengths 75 and-50 mm. Typical pump spot
sizes are 200-600 µm. The pump energy varies between 200
and 800 nJ, depending on the pump wavelength. The detection
system consists of an imaging polychromator (TRIAX 180,
Jobin Yvon) and a CCD array (Hamamatsu, S7031) cooled to
-20 °C using a multistage TEC system.

To improve the sensitivity of the measurement, a dual beam
geometry (probe and reference) and a four-step measurement

Figure 1. Schematic representation of the experimental setup. The
following notations have been used: BS, beam splitter of the
fundamental 775 nm beam; shutter 1 and shutter 2, two motorized
shutters which block the probe and pump beams, respectively; M1,
M2, M3, and M4, high reflection dielectric mirrors at 775 nm, 45°;
λ/2, a λ/2 plate; CaF2, calcium fluoride plate, used for white light
continuum (WLC) generation; M5, M6, M7, M8, M9, M10, M11, M12,
and M13, aluminum mirrors; PM1, 30° off-axis parabolic mirror; PM2,
90° off-axis parabolic mirror; MS, dielectric mirror used to cut off the
fundamental; wedged BS, wedged beam splitter, used to split the WLC
into probe and reference beams; P1, P2, P3, and P4, fused silica prisms;
L1 and L2, lenses with focal lengths-50 and 75 mm, respectively.

CHART 1

Figure 2. Chirp measurements of the white light continuum (WLC)
using the cross phase modulation (XPM) artifact (a-d) and the
up-conversion technique (a′) in a 100 µm thick nonlinear BBO
crystal: a and a′, after propagating through a 1 mmcell, filled with
solvent; b, after propagating through an empty cell (2 mm× 1.25 mm);
c, resulting chirp used for the time correction (c) d + (a - b)/2); d,
after propagating through a single cell wall (1.25 mm fused silica); e,
in the absence of a cell. The inset shows the spectrum of the WLC
(linear intensity scale).
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cycle have been implemented. At each step the probe and
reference signals are recorded under conditions determined by
the state of the shutters S1 and S2 (S1, shutter (open/close) for
the probe and reference beams; S2, shutter (open/close) for the
pump beam).

The recorded signals at each step result from averaging of,
typically, several hundred laser pulses. The exact number of
acquired laser shots within a single four-step cycle is changeable
and depends on individual experimental conditions.

The overall sensitivity, that is, the smallest signal change that
can be measured, is typically 0.2 mOD (1 mOD) 10-3 optical
density units). The signal at negative delay (so-called baseline)
is in the range(2 mOD. Since it is independent of the delay,
it is subtracted from the data.

B. Characterization of the WLC Chirp. The WLC pulse
passes through the CaF2 plate and subsequent optical elements,
which introduce a chirp due to the group velocity dispersion
(GVD); that is, the different spectral components of the WLC
accumulate different group delays. As a result, different spectral
components of the WLC pulse are interacting with the excited
sample molecules at different delay times. Before entering the
sample, the WLC is spread in time, typically from several
hundred femtoseconds up to picoseconds, depending on the
length of dispersive material it has passed through. Hence, to
correct the wavelength dependence of “time-zero” in pump-
probe experiments, one has to characterize the group delays of
the different spectral components of the WLC very accurately.

All chirp-measurement techniques are based onø(2) andø(3)

type nonlinear interaction between the WLC and a gate
pulse.35-39 Recently, there have been reports about a method
using a cross-phase modulation (XPM) artifact signal which is
generated by the interaction of pump and probe pulses in the
sample medium.36,38-40 This XPM artifact provides a very
convenient way to characterize the chirp because the measure-
ment can be carried out in the same experimental arrangement
as used for measuring the pump-probe spectra. However, the
physical phenomenon which results from XPM is very com-
plicated. An approximate description of the XPM artifact can
be given assuming Gaussian shaped wave packets and a linear
chirp of the phase modulation function. In this case, the artifact
behavior depends strongly on the product of chirp rate and the
square of the pump pulse duration.38,39 Unfortunately, this
simplified description does not guarantee a universally valid
prediction of XPM artifacts under real experimental conditions.
In addition, we observed a substantial decrease in the accuracy
of the group delay measurements going from the blue to the
red part of the WLC.41 Therefore, we used a second method
based on sum-frequency generation between a gate pulse and
the WLC37 to verify the results of the XPM artifact measure-
ments. For the sum-frequency generation we used a 100µm
thick BBO crystal (32° cut) and a gate pulse (35 fs, 675 nm, 5
µJ) from the NOPA. The sum-frequency was detected using a
commercial spectrograph (Ocean Optics USB2000). To obtain
the XPM artifact signal, we used the frequency-doubled NOPA
output as a gate pulse (345 nm) and focused it into the BBO
crystal. Figure 2 (a and a′) shows that both methods give similar
results (within 7%). The temporal accuracy of the chirp
measurement is better than 15 fs. The accumulated group delay
of the different spectral components of the WLC probe in the
sample is obtained by measuring the chirp of the WLC in the
presence and absence of the cell and the solvent (see Figure
2b-e).

C. Data Analysis.From the chirp characterization we obtain
the relative time delay values between probe wavelengths.

Hence, the temporal evolution of the entire pump-probe
spectrum can be constructed by applying the proper time-shift
correction.42 However, for a quantitative analysis of the data
we need to determine the absolute time-zero values with respect
to the pump pulse. This is realized by numerical deconvolution
of an instantly rising spectral componentFλ(t) at a certain
wavelength with the response function of our experimental setup,
which is assumed to be Gaussian:g(t) ) 1/(π1/2σ) exp[-{(t -
τ0)/σ}2]. Fλ(t) is a sum of up to four exponentials:

The resulting time-dependent signal (at a given probe wave-
lengthλ) Sλ(t) is given by

which can be solved analytically to give

where erf is the error function andci is the amplitude of the
component (i) with decay timeτi. The full width at half-
maximum (fwhm) of the experimental response (τM) is related
to σ ) τM/1.6651. Hereτ0 is the time shift, which is
subsequently used to determine the absolute time-zero. The
parametersτi, τM, andτ0 can be evaluated using the least-squares
fitting procedure of eq 3.

D. Samples.The solvents were Uvasol grade (Merck) and
were used without further purification. Pyrene (P) was purchased
from Fluka (fluorescence grade) and used without further
purification. 1-Phenylpyrene (Ph-P) was synthesized, character-
ized, and purified by Dr. Wolfgang Ku¨hnle at the Max Planck
Institute for Biophysical Chemistry. The synthesis ofPh-P has
been recently described in ref 17. The synthesis of 1-biphenyl-
4-ylpyrene (BPh-P) was carried out using the Suzuki coupling
reaction and is fully described in the Supporting Material.

The time-resolved experiments were carried out using two
types of sample cells with optical path lengths of 1 mm and
100 µm. Both cell types had 1.25 mm thick fused silica
windows. For the steady-state measurements we used a 10 mm
thick cell. Steady-state fluorescence spectra were obtained with
a Fluoromax-3 fluorimeter. The spectra were intensity corrected.
The absorption spectra were recorded with a Varian Cary 50
spectrometer. The sample concentrations were between∼10-4

M (1 mm cell) andg10-3 M (100 µM cell).
To exclude the formation of pyrenyl radical cations due to

multiphoton excitation, we recorded spectra with different pump
intensities and obtained no significant changes in the relative
intensities of the transient absorption bands. In accord with this
fact, we did not observe degradation of the sample during the
measurement. Finally, steady-state absorption and fluorescence
spectra of the samples measured before and after the time-
resolved experiments were compared with each other and no
indications of degradation were found.

III. Results

A. Steady-State Absorption and Fluorescence Spectra.
Figure 3 shows the steady-state absorption and emission spectra

Fλ(t - τ) ) ∑
i

cie
-(t-τ)/τi (t - τ g 0) (1)

Sλ(t) ) ∫-∞

t
g(τ)Fλ(t - τ) dτ (2)

Sλ(t) ) ∑
i

ci

1

2
exp[-

1

τi
(t - τ0 -

σ2

4τi
)] ×

{1 - erf[(t - τ0 -
σ2

2τi
)1

σ]} (3)

4594 J. Phys. Chem. A, Vol. 107, No. 23, 2003 Raytchev et al.



of P, Ph-P, andBPh-Pdissolved in acetonitrile. The absorption
spectra exhibit the characteristic vibronic structure of pyrene
in solution. However, forPh-P and BPh-P we observe sub-
stantial spectral broadening and bathochromic shifting of the
absorption bands. In particular, the S0 f S2 transition of pyrene
(P) with its 0-0 transition at 334 nm is red-shifted inPh-P
and BPh-P by almost 10 nm (780 cm-1). Moreover, the line
shape of this vibronic transition inP has a sharp Lorentzian
profile with a fwhm of ∼450 cm-1. In Ph-P and BPh-P the
line shape deviates from the Lorentzian profile and the width
is strongly increased. While unsubstituted pyrene (P) shows a
pronounced vibrational structure in its fluorescence, the spectra
of Ph-P, and particularly ofBPh-P, are less structured. These
observed changes in the absorption spectra give strong evidence
for inhomogeneous spectral broadening inPh-Pand particularly
in BPh-P, which is likely to be induced by the conformational
flexibility of these molecules and the resulting thermal distribu-
tion of conformers in solution. Similarly, the width of the
fluorescence band increases strongly fromP to BPh-P. It is
interesting to note that the fluorescence spectra ofP andPh-P
measured in the nonpolar cyclopentane (data not presented)
show differences in the vibrational structure (compared to the
spectra shown in Figure 3) but no overall solvatochromic shift
could be observed. In contrast, the fluorescence ofBPh-P is
clearly Stokes shifted by∼7 nm when changing the solvent
from cyclopentane to acetonitrile. This indicates a difference
in the dipole moments between the ground state and the emitting
excited state of BPh-P.

B. Femtosecond Time-Resolved Broad-Band Pump-
Probe Spectra.Figure 4 shows the temporal evolution of the
pump-probe spectra of pyrene (P) after excitation at 334 nm.
Note that around time-zero a sharp transient absorption band at
580 nm rises within the time resolution of our experimental
setup. Delayed by several tens of femtoseconds, a second band
is rising around 470 nm. It has been previously reported that
excitation at 340 nm populates the S2 state, which has an
absorption band with a maximum at 580 nm.43 This state
undergoes ultrafast internal conversion into the S1 state of
pyrene, which exhibits a characteristic transient absorption band

around 460 nm.44,45 A rate constant of 150( 50 fs for this
transition has been determined by Foggi et al.43 In Figure 5 we
display the time-dependent change of optical density at 580 and
450 nm. The filled circles represent the data that were obtained
using a 100µm thick cell. To directly compare the influence
of the optical path length on the overall time resolution, we
also show the corresponding measurement at 580 nm in a cell
with a thickness of 1 mm. The data were analyzed by least-
squares fitting as described in section II. For the 100µm cell
measurement we obtained an experimental responseτM ) 74
fs and a decay constant of 78 fs. Using the 1 mm cell, one
obtains a value ofτM ) 125 fs and a decay constant of 89 fs.
Even in the 100µm cell the decay constant is very similar to
the experimental response time. However, the asymmetric shape
of the decay profile gives a clear indication that the decay
constant is slightly longer or equal to the experimental response
time. We, therefore, conclude that the S2 f S1 IC process inP
takes∼75 fs.

Figure 6 displays the time-dependent pump-probe spectra
of Ph-P in acetonitrile after excitation at 345 nm. In contrast
to the spectra ofP (see Figure 4), the transient spectra ofPh-P
show two absorption bands at early time; that is, in addition to
the well-known S2 f Sn absorption, there is a second maximum
located at∼640 nm. Since both absorption bands exhibit the
same time-dependent behavior, they must be interpreted as two
absorption transitions from the S2 state. The characteristic pyrene
S1 absorption band is risingswith a certain time delaysbetween

Figure 3. Steady-state absorption (upper panel) and fluorescence
spectra (lower panel) ofP, Ph-P, andBPh-P in acetonitrile.

Figure 4. Femtosecond time-resolved pump-probe spectra of pyrene
(P) in acetonitrile in the time range of-50 to 800 fs.

Figure 5. Femtosecond time-resolved transient absorption of the S2

f Sn (580 nm) and S1 f Sn (450 nm) states of pyrene in acetonitrile
after excitation at 337 nm.
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470 and 550 nm. The maximum of the S1 absorption band is
shifted by more than 30 nm. As observed in the ground-state
absorption spectra, it is noticeable that both the S1 and the S2
absorption bands are significantly broadened compared to the
ones of pyrene. In addition, there are differences in the line
shape, in particular for the S2 state absorption bands ofP and
Ph-P. Whereas the S2 absorption profile ofP has a Lorentzian
shape, the two S2 absorption peaks inPh-P can be well
described as Gaussians. The Gaussian line shape indicates
inhomogeneous broadening and is expected for a sample with
a thermally averaged distribution of subensembles having
different twisting angles. The possibility to characterize the line
shape of transient absorption bands is a clear advantage of the
broad-band detection mode and provides important details about
the microscopic homogeneity of the systems studied.

Despite the spectral differences ofP andPh-P, one observes
the same dynamical behavior for the two systems: The initial
population of the S2 state is followed by ultrafast internal
conversion which can be monitored by both the decay of the
S2 band and the rise of the S1 pyrene type absorption band.
Although we were able to obtain a shorter temporal response
function at 345 nm (τM ) 50 fs), it was not possible to accurately
resolve the S1 decay rate inPh-P (see Figure 8). From the fit
we received a value for the decay constant at 650 nm< 50 fs.
This is shorter than the experimental response and can therefore
only be taken as an upper limit for the actual decay constant.

Figure 7 shows the time-dependent absorption spectra of
BPh-P in acetonitrile. At early times (upper panel) one observes
two initial absorption bands, similar to those inPh-P but with
very different absorption coefficients. The pyrene type S2

absorption band (580 nm) can be recognized, although it is less
pronounced and masked by a broad spectral background. The
main absorption band at early times has a maximum around
700 nm. As observed forPh-P, the characteristic absorption
band of the S1 state rises with a certain delay. However, one
can observe a drastic difference in the time evolution of the
spectral components. Both initial absorption peaks (at 580 and
705 nm), which must be assigned to transitions from the S2

state, show an incomplete decay. Thus, there is a remaining
contribution from the spectrum of the initially excited state to
the spectrum of the relaxed S1 state. Monitoring the time-
dependent spectra at longer times reveals that this contribution
remains present in the spectrum for at least several nanoseconds
(the lifetime of the S1 state is estimated to be>10 ns). The
inset of Figure 7 shows the relaxed S1 f Sn spectrum 1.4 ns
after excitation. Note that there is a strong absorption peak at

380 nm which is characteristic for the S1 f Sn absorption
spectrum of pyrene.44 The presence of this peak rules out that
intramolecular charge transferswhich would lead to pyrene
radical ionssis a dominant relaxation channel inBPh-P. Figure
8 shows the temporal evolution of the transient absorption at
650 nm forPh-P andBPh-P. Clearly, the decay dynamics are
slower inBPh-P (105 fs) than inPh-P (e 50 fs). It is important
to emphasize that we obtained the same decay constant of 105
fs also at 580 nm, whereas the 705 nm band ofBPh-P decays
significantly more slowly (145 fs, data not shown).

C. Sample Selection, Experimental Conditions, and Time
Resolution.Femtosecond spectroscopy in the condensed phase
requires optical cells with short path length to minimize time
broadening of the response function due to (i) group velocity
mismatch, (ii) dispersion in the solvent, and (iii) the pump-

Figure 6. Femtosecond time-resolved pump-probe spectra ofPh-P
in acetonitrile in the time range of 0 to 800 fs. The excitation wavelength
was 345 nm.

Figure 7. Femtosecond time-resolved pump-probe spectra ofBPh-P
in acetonitrile in the short time range (upper panel, 225 to 775 fs in 50
fs steps) and in the long time range (lower panel, 10 to 50 ps in 5 ps
steps). The excitation wavelength was 345 nm. The inset displays the
pump-probe spectrum 1.4 ns after excitation in a larger spectral range.
The peak at 380 nm belongs to the S1 f Sn spectrum of pyrene (see
text).

Figure 8. Time-resolved transient absorption ofPh-P andBPh-P in
acetonitrile, probed at 650 nm. An experimental response time
(Gaussian) ofτM ) 50 fs was determined from the fit of the data (see
text).
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probe beam interaction geometry.46,47 As a result, many fem-
tosecond experiments are carried out in thin films or in solvent
jets. The chemical systems that have been studied are often
selected with respect to their absorption coefficients to achieve
large excited state populations and sufficiently high signal-to-
noise ratios for the observed transients. However, many mo-
lecular systems of interest, especially with biological relevance,
have moderate to low extinction coefficients. As a result, one
has to increase the concentration in the sample to achieve
reasonably high absorbance over a very thin optical path. This
approach often leads to drastic changes in the microscopic
environment due to intermolecular interaction like stacking and
aggregation. Although excimer formation is a diffusion-
controlled process, which occurs typically on the time scale of
100 ps, it cannot be excluded that significant ground-state
interactions are already present at these high concentrations.
Evidence for the onset of aggregation between pyrene molecules
may be found by comparing the data in Figure 5 where 400 fs
after excitation the remaining long-lived spectral component (at
580 nm) in the 100µm cell measurement is more than twice
the value which is observed in the 1 mm cell data. Transient
absorption spectra of pyrene excimers show an increased
absorption in this spectral range.48

Our experiments suggest that, depending on the scientific
question of interest, it may be reasonable to trade in time
resolution for maintaining realistic (and relevant) sample
conditions with respect to intermolecular interactions and
environmental effects.

IV. Discussion

A. Femtosecond Excited-State Dynamics in Substituted
Pyrenes.By comparing both the steady state and the time-
resolved spectroscopic data for the three pyrene derivatives,
significant differences in their photophysical properties become
apparent. These differences must be viewed in the context of
effects on the electronic structure of pyrene induced by the aryl
substituents. There are two effects that need to be considered.
First, the molecular symmetry of pyrene (point group:D2h) is
reduced toC1 by the introduction of an aryl substituent in the
1-position, which influences the vibrational modes and therefore
the vibronic coupling between the S2 and the S1 states. Second,
theπ-electron substituent interacts with theπ-electronic system
of pyrene, which causes alterations of the excited-state energies.
Both effects will have a direct influence on the S2 f S1 internal
conversion rate.

Fluorescence excitation spectra of pyrene in the gas phase29,30

have shown a so-called intermediate-level structure;49 that is,
the S2 vibronic levels are diluted among a manifold of distinct
molecular eigenstates. Such complex fine-structured spectra are
characteristic for molecules with small S2-S1 electronic energy
gaps. In accord with the energy gap law which predicts the rates
of radiationless transitions in polyatomic molecules,31 one would
expect an ultrafast IC process and therefore an ultrashort lifetime
of the S2 state. From measurements of the S2 fluorescence of
pyrene in the vapor phase,50 the S2 state lifetime was estimated
by Ohta et al. to be between 50 and 100 fs.30 Furthermore, from
the width of the fluorescence excitation line shape it was
concluded that intramolecular vibrational energy redistribution
(IVR) in the S1 state occurs with a time constant of 1 ps. Hence,
population recurrences during the S1 state lifetime should be
expected in the gas phase.30

The femtosecond time-resolved data presented in this paper
are entirely consistent with earlier high-resolution spectroscopy
studies. The actual S2 f S1 IC rate of∼75 fs for pyrene agrees

well with the estimation from Ohta et al. The fact that our data
have not shown evidence for population recurrence from the
S1 to the S2 state underlines the special influence of the solvent
on the excited-state relaxation. In addition to IVR, which may
also be altered by the interaction with the solvent, the energy
is rapidly dissipated by solvent modes (vibrational relaxation,
VR), leading to an irreversible IC process. Furthermore, the role
of the solvent is prominent in the homogeneous line broadening
of the vibronic S0 f S2 transitions in the ground-state absorption
spectrum. An upper limit of∼12 fs for the time scale of phase
relaxation induced by solvent fluctuations can be estimated from
the Lorentzian shape line width (450 cm-1).

Introducing a phenyl substituent to pyrene reduces the
molecular symmetry and relaxes, therefore, the strict selection
rules for vibronic coupling. The low-frequency interchro-
mophore twisting mode inPh-Pcan efficiently couple to solvent
modes. Due to this broadening the S2-S1 Franck-Condon
overlap should be very large for this mode. Consequently, the
short S2 state lifetime can be explained solely on the basis of
vibronic arguments. On the basis of the statistical and symmetry
arguments, one could expect an even faster IC rate inBPh-P
than inPh-P. Instead, we observe a rate of∼105 fs, which is
at least a factor of 2 slower than the one inPh-P. This
observation indicates that the IC dynamics depend also critically
on the curvature and on the relative positions of the two potential
energy surfaces, and thus on the electronic interaction between
theπ-subsystems. The latter point appears to be crucial for the
dynamics ofBPh-P. Here, the steady-state spectra give a clear
evidence that the electronic structure of pyrene is significantly
disturbed by the biphenyl substituent. Although the solvato-
chromic shift ofBPh-P indicates a change in the electric dipole
moments between S1 and S0 states, excited-state charge transfer
can be ruled out as the dominant relaxation channel inBPh-P
because of several reasons: (i) The steady-state spectra show
only a mild solvent dependence that cannot account for an
excited state with a large dipole moment; (ii) the typical pyrenyl
S1 f Sn band appears at 370 nm, and (iii) finally, unfavorable
redox potentials.51 Consequently, we do not expect to see
contributions from pure CT states to the transient absorption
spectra. However, the significant red shift in the absorption
spectra ofPh-P and BPh-P (with respect toP) implicates
electronic coupling between individualπ-subunits. Directly
linked chromophores are characterized by a unique mode of
electronic interaction which is highly dependent on the torsional
angle(s). The dependence results from the interchromophore
orbital overlap integral, which is zero forπ-electrons in a fully
twisted 90° configuration.

In the following discussion we propose an adiabatic model
based on superposition of “zero-order” states. This approach
seems justified because of the dominant pyrene type spectral
features which appear in both the steady-state and the time-
resolved data ofPh-P and BPh-P. As previously derived for
similar types of bichromophoric systems,52,53 we express the
two lowest excited statesΨm (m) 1 and 2) inPh-PandBPh-P
as linear combinations of zero-order states:

S°1 and S°2 represent the S1 and S2 states of the “unperturbed”
pyrene.|Exc〉 is an excitonic configuration which results mainly
from π-orbital overlap between the aromatic subunits. For a
bichromophoric system C1-C2, |Exc〉 can be a mixture of low-
lying LE and CT states:|C1*-C2〉, |C1-C2* 〉, |C1

+-C2
-〉, and

|C1
--C2

+〉. This model is supported by molecular orbital
calculations which show that theπ-orbitals are delocalized in

Ψm ) c1
(m)|S°1〉 + c2

(m)|S°2〉 + c3
(m)|Exc〉 (4)
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Ph-PandBPh-P. The degree of delocalization depends strongly
on the twisting (dihedral) angle between pyrene and the aryl
substituent. Extensive theoretical work by Scholes and Ghiggino
has shown that delocalization is caused by interchromophore
orbital overlap and “through-configuration” interactions.6,7 The
latter includes exciton transfer due to coherent (or virtual) two-
electron exchange.

Note that eq 4 takes into account not only excitonic
interactions but also the mixing between the two lowest excited
pyrene states. This mixing is expected from alteration of the
S2-S1 energy gap due to the substitution and the reduction of
symmetry. The mixing coefficientsc are strongly dependent
on the molecular structure and are, therefore, time-dependent,
as discussed below.

The S2 state spectrum ofPh-P can be assembled fromS°2
and an additional band which originates from the bichro-
mophoric coupling between the phenyl substituent and pyrene.
Applying eq 4 therefore results in

The latter electronic configuration|Exc> is responsible for the
absorption band around 640 nm. In fact, semiempirical ZINDO
calculations confirm this interpretation.54 By calculating the
electronic transition dipole moments from both the S1 and the
S2 state to the higher excited states, we were able to find distinct
transitions which could be assigned to single electron excitations
between moderately delocalized orbitals. The obtained wave-
lengths were in reasonable agreement with the observed transient
spectra ofP, Ph-P, andBPh-P. As the IC proceeds inPh-P,
both absorption bands decay and the typical S1 state absorption
appears (see Figure 6). From the temporal evolution of the
transient absorption spectra, we can deduce the actual composi-
tion of the state wave function, since the oscillator strengths
fm,n corresponding to eqs 5 and 6 are given by

Here µ̂ is the electric dipole moment operator. Note thatSn is
generic for a higher excited singlet state rather than for a specific
state.

A more complex mixing scheme can be found forBPh-P.
Here, the S2 state consists mainly of an excitonic absorption at
705 nm and a minor contribution from the pyrene type S2 state.

Due to strong S2-S1 mixing, one can observe contributions from
|S°2〉 and |Exc〉 even in the relaxed S1 state. However, in
contrast to the case forPh-P, the coefficients forBPh-P are
time-dependent. The relative spectral contributions ofS°2, S°1,
and Exc are changing on the very short time scale during the
actual IC process. In addition, the exciton interaction (c3) is
changing on a slower time scale of several picoseconds. The
fact that the time constant for the ultrafast decay of the 705 nm

band (145 fs) differs from the one for the band at 580 nm (105
fs) could be an indication for a mode-specific IC rate. However,
one must be cautious with this interpretation, since it cannot be
ruled out that the composition of the adiabatic S2 state is
changing as the system evolves along the relaxation pathway.

Figure 9 shows the time-resolved transient aborption at 580
and 705 nm. The inset displays a medium time range of up to
15 ps. The 705 nm band decays with a time constant of 40 ps,
followed by a slower nanosecond decay. This picosecond time
constant has not been observed for any other absorption band.
It is plausible to assign these dynamics to structural relaxation
in the S1 state, which involves changes in the twisting angle(s)
and therefore in the interchromophore coupling elementV.

Directly linked multichromophoric molecules are expected
to undergo structural changes in the excited state.55 Generally,
they tend to become more planar than those in the ground state
due to resonance interactions, as exemplified for biphenyl and
its methyl derivatives.56 However, for some molecular systems
the opposite trendswhich leads to a twisted intramolecular
charge transfer state (TICT)shas been proposed.57 Femtosecond
broad-band pump-probe spectra should be very sensitive toward
twisting and planarization, since these motions control directly
the degree ofπ-electron delocalization, which in turn determines
the transient absorption properties.19 Therefore, the 40 ps decay
of the 705 nm band inBPh-P may be interpreted as an
intramolecular electronic decoupling due to twisting around the
pyrene-biphenyl dihedral angleæ (TICT formation). This
assignment is in reasonable agreement with reported time
constants for twisting in D/A substituted biphenyls and 9,9′-
bianthryl which are on the order of 10 ps.58,59

According to the above model, the absorption coefficient for
the 705 nm band,ε705, should depend on the mixing and
therefore on the coupling matrix elementV. As proposed earlier
by Dogonadze et al.,60 the coupling element is proportional to
theπ-electron overlap between pyrene and the biphenyl moiety.
As a result,V is directly related to theæ: V ∝ cos(æ). Since
ε705 is proportional toV2, we can estimate the value for the
new angleæ′ after structural relaxation ifæ is known.

From AM1 calculations of the ground state ofBPh-P we
obtained a value of 57° for æ. From the inset of Figure 9 one
can see that after the IC process is completed, there is a slight
rise of ε705 on the time scale of 2 ps. Using eq 14, this

For Ph-P: |S1〉 ≈ |S°1〉 (5)

|S2〉 ) c1
(2)|S°2〉 + c2

(2)|Exc〉 (6)

f1,n ∝ |〈S°1|µ̂|Sn〉|2 (7)

f2,n ∝ |c1
(2)〈S°1|µ̂|Sn〉 + c2

(2)〈Exc|µ̂|Sn〉|2 (8)

For BPh-P: |S1〉 ) c1
(1)|S°1〉 + c2

(1)|S°2〉 + c3
(1)|Exc〉 (9)

|S2〉 ) c1
(2)|S°2〉 + c2

(2)|S°1〉 + c3
(2)|Exc〉 (10)

f1,n ∝ |c1
(1)〈S°1|µ̂|Sn〉 + c2

(1)〈S°2|µ̂|Sn〉 + c3
(1)〈Exc|µ̂|Sn〉|2 (11)

f2,n ∝ |c1
(2)〈S°2|µ̂|Sn〉 + c2

(2)〈S°1|µ̂|Sn〉 + c3
(2)〈Exc|µ̂|Sn〉|2 (12)

Figure 9. Time-resolved transient absorption ofBPh-P in acetonitrile,
probed at 705 and 580 nm. Inset: short time range. Excitation
wavelength was 345 nm.

cos2(æ)

cos2(æ′)
)

ε705(æ)

ε705(æ′)
(13)
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corresponds to a reduction ofæ by ∼2°. After the initial
planarization in the S1 state,BPh-P undergoes twisting; this
process takes place with a time constant of 40 ps. Ifæ is 55°,
a change of only 4.8° (æ′ ) 59.8°) can cause the observed
decrease in the absorption band at 705 nm. Note that this
interpretation is entirely consistent with the observed solvato-
chromic shift in the fluorescence ofBPh-P, which indicates
emission from a partial charge transfer state which is likely to
have a more twisted structure thanBPh-P in its unrelaxed S1.

The femtosecond time-resolved spectral evolution clearly
demonstrates that the individual electronic contributions evolve
separately with time. This observation implies that the perturba-
tion of the main chromophore (pyrene) by aryl substituents is
so significant that the pure chromophore states cannot serve as
reference states to characterize the ultrafast electronic relaxation
process. The relevance of this observation for modeling electron-
transfer processes in multichromophore assemblies will be
discussed below.

B. Intramolecular Exciplexes and Charge Transfer States.
Directly linked conjugated aromatic systems built from non-
identicalπ-systems have similar properties to those ofπ-stacked
intermolecular exciplexes.61,62 In both classes of systems the
electronic coupling results in partial charge transfer and exciton
interactions between locally excited states. Spectroscopically,
one can observe this mixed character both in fluorescence
(exciplex emission) and in excited-state absorption measure-
ments. The latter are less often reported because they are more
difficult to monitor. Characterizing exciplex absorption bands
by similar means as applied to fluorescence bands requires a
very high experimental sensitivity as well as a broad-band
probing technique. Since exciplex absorption may represent a
reverse optical charge transfer (OCT) in the excited state,19 it
is interesting to compare the line shape parameters with those
obtained from the recombination fluorescence. Studies on
several strongly coupled organic charge transfer systems which
exhibit reverse OCT absorption bands are currently being carried
out in our laboratory.

Finally, we want to address the implication of time-dependent
excited state mixing for ultrafast electron transfer processes. Our
results have shown that the electronic structure of pyrene is
significantly perturbed by aromatic substituents. Perturbation
effects of conjugated substituents on the electronic structure in
chromophores are well-known since the early days of molecular
orbital theory.63,64 In multidimensional D/A arrays where the
initially excited state is spread out over more than oneπ-system,
the effect on the energetics of the electron-transfer process can
be accounted for by using empirical corrections for ionization
potentials and electron affinities. Recently, conventional electron
transfer theory65-67 has been extended for such delocalization
effects.68,69 If, however, the delocalization over adjacentπ-sys-
tems (within the LE state) is adynamicalprocess which occurs
on the same time scale as the electron transfer, the simple
diabatic two-state model does not apply. In this case, the
electronic structure of the LE state as well as the resulting rates
for electron transfer become time-dependent. Such a situations
which may be present in many femtosecond charge transfer
processes in conjugated D/A arrayssrequires a more advanced
theoretical description which goes beyond the classical diabatic
two-state model.
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