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Ultrafast Intrachain Photoexcitation of Polymeric Semiconductors
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We report on excited state dynamics in isolated poly(9,9-dioctylfluorene) chains obtained by embed-
ding the polymer in an inert plastic matrix. Early events (<300 fs) of intrachain photophysics are detected
by pump-probe spectroscopy using tunable UV 25-fs pump pulses and sub-10-fs visible probe pulses. We
show that higher-lying optical states, reached by multiphoton transitions, give rise to on-chain charge
separation on the ultrafast time scale. The intrachain charge pair decays geminately within 500 fs to the
lowest singlet state. Characteristic time scales for internal conversion and intramolecular vibrational

redistribution are also determined.
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A conjugated polymer (CP) chain is a natural quantum
wire whereby 7 electrons experience extremely small
lateral confinement, which can in principle behave as a
functional unit in a molecular scale device. For this reason
it is very interesting to study intrachain physics [1] and, in
particular, the possibility of supporting quasiparticles in
the 1D space [2]. The observation of intrachain charge
photogeneration (CPG) is crucial for demonstrating the
semiconductor character of a conjugated chain.

There are at present a few clear points about CPG in
conjugated polymers. The first one is that higher-lying
excited states play an important role in charge dissociation,
consistent with the phenomenon of “autoionization” [3]
invoked for molecular crystals. This is proved by photo-
conductivity [4] and pump-probe [5] and pump-push-probe
experiments [6]. This evidence excludes the presence of
bandlike conduction states near the absorption edge. Disso-
ciation of higher-lying excited states can also explain CPG
following band gap excitation with ultrashort pulses, when
multiphoton transitions are present [7]. The second point is
that high order in conjugated polymer films, with enhanced
-7 overlap, favors interchain charge separation, as in
polythiophene [8] and polyfluorene [9] films. In this case,
the oppositely charged, strongly bound polarons dwell on
different chains and decay geminately. Their excitation is
linear in pump intensity and occurs within 200—300 fs. The
last point is that an electric field on the order of 1 MV /cm
can dissociate neutral states with an efficiency of a few per-
cent, either instantaneously (during excitation), as in poly-
fluorene [10], or later in time, as in ladder-type polymers
[11]. This observation indicates that the energy required to
ionize a neutral state is quite large, 0.5-1 eV, suggesting
that the neutral singlet state is the lowest excitation of the
system, and charge separation is a secondary effect. The
experiments so far reported display a rich phenomenology,
but they cannot distinguish between intrachain and inter-
chain effects. A theory on intrachain separation has been
developed [12], notably not involving higher-lying states,
and this mechanism is sometimes invoked to explain ex-
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perimental results [13], yet no solid evidence has so far
been reported.

In this Letter, we present a clear-cut experiment demon-
strating intrachain charge separation in a conjugated poly-
mer. CPG is studied in poly(9,9-dioctylfluorene) (PFO) by
the pump-probe technique with two characteristics: first,
the time resolution of the measurement is pushed down to
25 fs, an order of magnitude lower than normally used in
time-resolved experiments with CPs; second, we probe
“isolated” PFO chains, embedded in an inert matrix,
thus revealing, by comparison with the aggregate chain
response, the true intrachain behavior. We show that intra-
chain charge separation can indeed take place, and that
such confined pairs decay in about 500 fs.

In our experimental setup [14], a Ti:sapphire laser
(780 nm, 150 fs, 500 wJ, 1 kHz) drives two noncollinear
visible optical parametric amplifiers (NOPAs). The first
NOPA generates transform-limited visible pulses with
15-20-fs duration, which are frequency up-converted to
the UV by sum-frequency generation with 780 nm light in
a 50- um-thick beta-barium-borate crystal. The UV pulses
are compressed to 20—25-fs duration by fused silica prisms
and used as pump. The second NOPA generates ultrabroad-
band pulses spanning the 500—700-nm wavelength range,
compressed to sub-10-fs duration by chirped mirrors and
used as a probe. The pulses from the NOPAs are synchro-
nized by a delay line and focused on the sample using
reflective optics, in a noncollinear pump-probe configura-
tion. Time-resolved measurements at specific wavelengths
are obtained by spectrally filtering the probe beam after the
sample and combining differential detection with lock-in
amplification. A more conventional setup was used for
pump-probe experiments with 150-fs time resolution, as
in [15]. Here excitation pulses at 390 nm are obtained by
second harmonics, and a broadband probe in the visible
and near-infrared spectral ranges is obtained by the white-
light supercontinuum generated in a thin sapphire plate.

The samples used consist of films drop cast on a thin
quartz slide from a toluene solution of 10% PFO doped in a
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polymethylmetacrylate (PMMA) matrix (50 mg/ml); the
film thickness is around 500 nm. We obtained highly in-
homogeneous films, due to efficient phase separation [16],
which show colored regions (consisting mostly of PFO)
and whitish regions; the size of these regions is of the or-
der of hundreds of microns, so that they can easily be
selectively excited by our focused laser spots. For com-
parison, we also used spin-coated PFO films with thickness
of =100 nm.

Figure 1(a) shows the differential transmission (AT/T)
spectrum of a spin-coated PFO film, using 390-nm, 150-fs
pump pulses, for a 2-ps pump-probe delay; the results are
consistent with those reported in the literature. Based on
previous work [7,17], we assign the photoinduced absorp-
tion (PA) at 560 nm to charged states absorption, and the
PA at longer wavelengths to singlet-singlet transitions. The
colored regions of the PFO-doped PMMA film display,
under photoexcitation, a AT/T spectrum similar to the one
from a spin-coated PFO film. This perfect match with data
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FIG. 1. (a) AT/T spectrum at probe delay of 2 ps for the
whitish region in the PFO-doped PMMA film (solid line) and for
a spin-coated PFO film (open diamonds + line). In the inset,
polarization anisotropy decay at 470 nm (open triangles + line),
at 560 nm (open circles + line), and at 680 nm (solid line) for the
PFO-doped PMMA film (whitish regions). The chemical struc-
ture of PFO is also shown. (b) Photoluminescence spectra from
the whitish region in the PFO-doped PMMA film (solid line) and
from a spin-coated PFO film (open diamonds + line).

from solid-state samples suggests that the colored regions
contain either clusters of chains or (unlikely) coiled chains,
in which intersegment interaction can take place.

The whitish regions of the PFO-doped PMMA film dis-
play dramatically different behavior with respect to the
colored ones, showing more structured photoluminescence
spectra [Fig. 1(b)] and a broad stimulated emission (SE)
band [Fig. 1(a), solid line]. Such a broad SE band has never
been detected in PFO. In the whitish regions, we observe
the following features: (i) nearly perfect match between
photoluminescence and SE, which is not masked by the
PA of the charged states; (ii) absence of bimolecular ef-
fects upon changing pump intensity, at odds with bulk
samples displaying strongly intensity dependent dynamics;
(iii) long-lived AT /T anisotropy [18] [inset of Fig. 1(a)] in
contrast with the fast decay observed in bulk samples.
These observations evidence the lack of interchain cou-
pling and suggest one to assign the whitish regions to
isolated PFO chains, probably in B-phase conformation
[19], i.e., planar isolated chains embedded in PMMA.
AT/T Kinetic traces at selected probe wavelengths point
out the different behavior of the two regions. In Fig. 2(a)
we show that in the colored region (corresponding to the
PFO film) PA at 560 nm and at 680 nm have different
kinetics. The longer-lived component, evident after 1 ps at
560 nm, is ascribed to charged states contribution. On the
contrary, in the whitish region of the sample (where poly-
mer chains are isolated), SE at 560 nm and PA at 680 nm
have almost identical kinetics [see Fig. 2(b)], both ascribed
to singlet population decay; no charged states are observed.

We now discuss pump-probe experiments performed
with 25-fs time resolution. Figure 3 shows the AT/T
spectra of PFO isolated chains after excitation with pulses
at 325 nm (3.8 eV) and photon flux of 4 X 10'* cm™2. The
AT/T spectrum at 20-fs pump-probe delay shows a broad
PA band below 520 nm, peaking at 580 nm and growing
again towards the red edge of the pulse spectrum. The
overall spectrum evolves in time, and it turns to the line
shape observed using longer pulses after 300 fs. The AT /T
spectrum at 20 fs delay is understood as a superposition of
PA and SE, originating from two different contributions: a
nascent singlet population, with the expected positive spec-
tral signatures, and a second species, formed within the
pulse duration, absorbing in the 500-600-nm spectral
region. The same dynamics, i.e., SE buildup in the emis-
sion region and a partial decay in the singlet PA region, is
detected by measuring AT /T time traces at selected probe
wavelengths (see Fig. 4). Based on spectral location and
line shape of the short-lived PA band, matching very well
with that of polarons in PFO, we assign it to geminate
charge pairs (often named polaron pairs). Upon geminate
recombination, their PA decays and the underlying SE
band reappears. Our findings imply that charge separation
can indeed take place on a single polymer chain. We find
that the generation efficiency of intrachain pairs is highly
nonlinear, as demonstrated by the dependence on the ex-
citation density, shown in Fig. 4(a) for a 560-nm probe
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FIG. 2. (a) Normalized pump-probe kinetics at 560 nm (open
circles) and at 680 nm (open squares) for the spin-coated PFO
film. (b) Normalized pump-probe kinetics at 560 nm (open
circles) and at 680 nm (open squares) for the PFO-doped
PMMA film (whitish regions). A schematic diagram of the
model used for the fitting is shown.

wavelength, corresponding to the maximum of the PA
band. By reducing the pump photon flux, AT/T becomes
positive, but still shows buildup kinetics. We think that, at
lower intensity, the process of PA and SE competition still
takes place, but with lower relative amplitude of the PA,
proving that the CPG yield depends superlinearly on
intensity.

An alternative explanation to the SE buildup could be vi-
bronic relaxation from a higher-lying excited state reached
by the pump photons. To test this hypothesis, we tuned the
pump wavelength to 360 nm (3.45 eV) [Fig. 4(b)]; we
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FIG. 3. AT/T spectra at different probe delays for the PFO-
doped PMMA film (whitish regions).

found no appreciable change in the dynamics, indicating
that excess energy does not play a crucial role in the SE
buildup phenomenon and thus arguing against hot state re-
laxation. However, thermalization is expected to occur fol-
lowing excitation. This is indeed observed at 680 nm
[Fig. 4(c)], where pure singlet state dynamics is measured.
There is a partial decay in the first 500 fs, which we as-
sign to vibrational relaxation from the state reached by
one-photon excitation, located about 0.8 eV above the op-
tical gap.

The rate equation model used for fitting the data is
sketched in the inset of Fig. 2(b). In order to reproduce
nonlinear dependence on pump intensity, we assume that
ionization takes place from an higher-lying excited state
reached by sequential excitation [7]. This mechanism in-
volves the absorption of two photons by the same PFO
molecule, so it displays a nonlinear intensity dependence.
The time constant of intramolecular vibrational relaxation
(IVR) from S7 to Sy (kpyr) is 120—130 fs, as determined by
fitting the singlet dynamics, for instance at 680 nm [see
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FIG. 4. Normalized pump-probe kinetics for the PFO-doped
PMMA film (whitish regions) are shown. (a) At 560 nm at
different excitation densities: 4 X 10'* cm™2 (open squares)
and 6 X 103 ecm~2 (open circles). Normalized pump-probe ki-
netic for the colored region (open triangles) is also shown. (b) At
560 nm for two different pump wavelengths: 360 nm (open
circles + line) and 325 nm (solid line); in the inset |AA]|
(absolute value of absorption) at 560 nm (open circles) on a
log-log scale. (c) At 680 nm. Fits to the data are shown by solid
lines.
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Fig. 4(c)]. PA extinction and SE recovery are partially due
to IVR, but the main cause is intrachain geminate polaron
recombination, which contributes twice: charge popula-
tion depletion and singlet population filling. It is assumed
that intrachain polaron pairs recombine to the first ex-
cited singlet state, S, with a biexponential kinetics, with
time constants of 60 fs and 500 fs. Interestingly, the ob-
served dynamics can be reproduced by a r~'/2 power
law, as predicted for geminate recombination after one-
dimensional random walk in confined segments [experi-
mental data on a log-log scale are shown in the inset of
Fig. 4(b) together with a linear fit with slope —1/2] [20].
At longer times, the kinetics deviates from that, as pre-
dicted by theory, becoming exponential. We neglect the
possibility of intersegment separation, within the same
chain, because it would generate a long-lived charge popu-
lation and an incomplete recovery to S;. The efficiency of
S, dissociation (i.e., the number of charge pairs formed
following S, population) obtained from our model is
around 80%. Dissociation is in competition with S, — §;
internal conversion, modeled by a rate of 507! fs™!, ac-
cording to recent measurements of higher excited state
lifetime [21]. S, can be considered either a charge trans-
ferlike state, as proposed in Ref. [22], or an electron-hole
continuum found in correlated models for electronic struc-
ture [23]. Two different CPG mechanisms are present in
CPs: intrachain charges are formed by high-lying singlet
fission within the 1D space; they exist for a brief time
interval and geminately decay under mutual Coulomb
attraction. Interchain charges are formed by electron
transfer, through 77 overlap between adjacent conjugated
strands, and live longer. For close chains the overall energy
of the interacting Coulomb pair is low enough for disso-
ciation to occur even from the lowest optical state, thus
explaining the observed linear intensity dependence. The
two mechanisms are not, however, completely separated.
In the solid state, intrachain charge generation can be the
first step towards long-lived interchains charges; this pro-
cess will have small efficiency given the high charge
recombination rate, yet not negligible.

The plot in Fig. 4(a) also contains the PA measured at
560 nm in the colored region. In this case, a long-lived PA
signal is observed, with a fast initial decay to a plateau.
This fast partial recovery is perfectly reproduced by the
biexponential decay with 60- and 500-fs time constant, i.e.,
the lifetime of the intrachain pair. Intrachain charge gen-
eration is taking place even in the solid state, following
optical excitation with short pulses. In this case, however,
the fraction of pairs undergoing geminate recombination
(notably with the same dynamics as in isolated chains) may
not be 1, because of interchain hopping. The fit in Fig. 4(a)

includes the contribution of both interchain and intrachain
charges, with a relative weight of 1:1.

In conclusion, by studying isolated PFO chains excited
by 25-fs UV pulses, we present the first experimental
evidence of intrachain generation and recombination of
charges in a 7-conjugated chain. We find that on-chain
charge generation does not take place from the lowest
excited state S; but rather upon higher-lying optical state
excitation. The conjugation length of a single segment on
the chain is large enough to support a charge separated
state, with a lifetime of about 500 fs. We identify the same
process in the condensed phase, yet in this case geminate
recombination is not complete and other mechanisms are
active, resulting in a longer-lived charge population.
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