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ABSTRACT: Upon cooling a solution of poly[2-methoxy-5-
(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV), a
phase transition occurs, leading to the formation of aggregates.
We have studied the dynamics of singlet excitons in MEH-PPV
solution below the critical temperature of the phase transition
using steady-state photoluminescence measurements and
pump−probe fs-spectroscopy at different temperatures.
Spectral analysis indicates the coexistence of disordered
chromophores with highly planarized chromophores. The
high planarity is evidenced by a remarkably high 0−0/0−1 peak ratio in the spectra. By spectrally separating the contributions of
either type of chromophore to the pump−probe signal we find that energy transfer takes place within less than 1 ps from
disordered, unaggregated chain segments to highly planarized, aggregated chain segments. The short time scale of the energy
transfer indicates intimate intermixing of the planarized and disordered polymeric chromophores.

Conjugated polymers are prone to aggregation in
solution.1−3 Below a critical transition temperature that

depends on the chain length,4 isolated and more or less coiled
chains tend to aggregate with a concomitant increase of their
effective conjugation length. A manifestation of this phenom-
enon is the appearance of lower-energy absorption and
fluorescence bands so that the spectra exhibit an isosbestic
point. Absorption spectra demonstrate, nevertheless, that both
phases coexist well below the phase transition temperature with
the fractional contribution of the ordered phase increasing
upon further cooling. On the other hand, the fluorescence
comes almost exclusively from the ordered phase. This is a
signature of efficient energy transfer between both phases.
The purpose of the current work was to unravel the interplay

between the disordered and ordered phases, identify the nature
of both phases and measure of rate of energy transfer between
them. As a test material, we chose MEH-PPV in solution as a
prototypical π-conjugated polymer for which a wealth of
information is already existing, employing steady-state
absorption and fluorescence spectroscopy, as well as time-
resolved pump−probe spectroscopy within a broad temper-
ature range. Based on spectral decomposition techniques and
adopting Spano et al.’s H/J-aggregate model,5 we are able to
associate the room temperature phase with disordered chains or
chain segments, while, in the aggregated phase, chains or chain
segments prevail that are extended with predominant J-type

character. From the observation that energy transfer from the
disordered to the planarized chromophores occurs on a subps
time scale we will conclude that both types of chromophores
are intimately connected, for example, by forming an array of
extended chains surrounded with a “hairy” surface of coiled
chains.
For the investigation, we used MEH-PPV that was purchased

from American Dye Source Ltd. (ADS). It was dissolved in
methyltetrahydrofuran (MTHF) at a concentration of 0.2 mg/
mL. To ensure that all of the polymer chains are completely
dissolved, the solution was heated to 50−60 °C and stirred for
about 10 h until no macroscopic particles could be observed.
The experiments were performed in a temperature range
between 300 and 120 K where MTHF is liquid.6 Steady-state
absorption and emission spectra at different temperatures were
recorded with a home-built setup. The solutions were filled into
a 1 mm fused silica cuvette and put in a temperature-controlled
continuous flow cryostat (Oxford Instruments). In order to
minimize the light intensity impinging on the sample, we used
two correlated monochromators for incident as well as
transmitted light. The latter was recorded by a silicon diode
and a lock-in-amplifier.
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For steady-state emission measurements, the xenon lamp and
the first monochromator were replaced via a shutter by a diode
laser with an excitation wavelength at 405 nm (3.06 eV),
exciting the sample at a shallow angle. Emission was recorded
by the same detection unit. This ensured recording absorption
and fluorescence spectra at the same sample spot and
temperature immediately after one another. All spectra were
corrected for the transmission of the setup, using an Oriel
calibration lamp. Sample heating or cooling was done in a
stepwise fashion with a heating or cooling rate of 2 K per min
and waiting 30 min before taking the measurement at a given
temperature to ensure thermal equilibrium within the sample.
The transient absorption data with excitation at 2.48 eV

(pulse length 190 fs) were obtained using a 100 kHz setup from
Coherent Ltd., as described in more detail in the Supporting
Information (SI). In brief, the pump-pulse fluence was set to
about 10 μJ/cm2 to keep the pump−probe signal linear with
fluence (see Figure S1). The spectra were recorded using a
lock-in amplifier and a monochromator with a silicon diode. To
obtain transient absorption data with excitation at 2.12 eV
(pulse length 42 fs), a 1 kHz setup from Spectra Physics was
employed. Here also excitation pulse energies were low enough
to keep the signal in the linear regime.
Figure 1 shows the absorption and photoluminescence (PL)

spectra of MEH-PPV in MTHF solution in the temperature
range between 300 and 120 K. In absorption, the 300 K
spectrum is vibrationally unresolved with a maximum at 2.5 eV
(Figure 1a). It is associated with disordered coil-like polymer

chains.7−9 Upon cooling to 180 K, the spectra shift to the red
by about 80 meV. They continuously acquire vibrational
structure and a 0−0 feature near 2.3 eV develops. In contrast,
the emission spectrum at 300 K shows vibrational structure
with S1 → S0 0−0, 0−1, 0−2 peaks at 2.23, 2.07, and 1.89 eV,
respectively (Figure 1b). When lowering the temperature from
300 to 180 K, the spectra shift to the red by about 80 meV
similar to the behavior in absorption. This is accompanied by a
continuous increase in overall intensity, where the area beneath
the spectrum at 180 K more than triples compared to the area
at 300 K (see Figure S2 in SI for energetic shifts of the S1−S0
0−0 peak and area under the spectra as a function of
temperature). Thus, upon cooling until 180 K, absorption and
emission spectra shift to the red and become more intense.
This indicates that the conjugated segments of the chain
become more extended, although their overall chain con-
formation still corresponds to that of a disordered coil
conformation.4,10,11 This is similar to the behavior that was
recently observed when cooling solutions of P3HT,2,4 as well as
PCPDTBT.12

When further cooling below 180 K, a new absorption
(emission) peak near 2.1 eV (2.05 eV) appears and grows in
intensity at the expense of absorption (emission) from coiled
chains. It is assigned to the absorption (emission) of planarized
MEH-PPV chain segments in aggregates.7 Below 170 K,
emission from the coiled chains vanishes and the fluorescence
spectrum is dominated by the planarized chromophores. This is
consistent with earlier work,7 and has been attributed to the

Figure 1. Steady-state (a) absorption and (b) fluorescence spectra of MEH-PPV in MTHF for different temperatures, that is, at 300, 260, 220, 200,
180, 175, 170, 170, 165, 155, 140, and 120 K. Fluorescence spectra were corrected for the relative changes in absorption at the excitation energy
(3.06 eV).

Figure 2. (a) Absorption spectrum at 150 K (green dashed line) together with the absorption spectrum of the disordered phase (filled blue curve)
that was measured at 180 K and subsequently normalized to match the high energy tail of the 150 K absorption spectrum. The difference between
the 150 and 180 K spectra is shown by the red dots. This difference spectrum can be reproduced by a Franck−Condon progression (filled red
curve). (b) Fraction of planarized chromophores as a function of temperature obtained from the absorption spectra (open green diamonds) and
from the emission spectra (orange dots), as described in the Supporting Information.
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occurrence of a disorder−order transition. The PL spectra of
the planarized chromophores bear out a bathochromic shift
from 2.053 to 2.026 eV upon further cooling from 170 to 120 K
and the associated absorption spectra shift by the same amount
(Figure S2).
To gain detailed information about the absorption from the

planarized chains or chain segments requires decomposition of
the measured spectra below 180 K. Here we followed a scaling
approach, similar to that in Reference 13, which we already
used for decomposing absorption spectra of aggregated P3HT
in solution.2,4 This approach is applicable to MEH-PPV
because the spectra bear out an isosbestic point at 2.24 eV in
the temperature range of 180 to 140 K (Figure 1a), which is an
unambiguous evidence that a transition from a coiled to an
ordered phase is occurring.14,15 Figure 2a illustrates the
decomposition approach and shows the measured absorption
spectrum at 150 K (green dashed line) together with the
normalized absorption spectrum of the disordered phase
measured at 180 K (filled blue curve). The difference between
these spectra (red dots) is attributed to absorption from
planarized chromophores with peaks at 2.1 and 2.3 eV. A
Franck−Condon analysis of this absorption spectrum (filled red
curve) from the planarized chromophores yields a Huang−
Rhys parameter of S = 0.25, an I0−0/I0−1 ratio = 4, an effective
vibrational mode of Ed = 170 meV and a Gaussian line width of
σ = 48 meV. In the framework of the H/J-aggregate model
developed by Spano and co-workers,5 such a high I0−0/I0−1
ratio is a signature of strong coupling along the polymer chain
(intrachain) in the aggregated phase and correspondingly weak
coupling between different polymer chains (interchain). The
same high ratio applies to coupling along a linear arrangement
of chromophores and to coupling between chromophores in an
adjacent, face-to-face arrangement, respectively. Similar remark-
ably high I0−0/I0−1 ratios have been observed for fully
planarized single crystals of P3HT.16 This appears to be a
signature of ordered domains of π-conjugated chains in general,
tractable in terms of Spano et al.’s theory.5 The fraction of
planarized chromophores as a function of temperature is
displayed in Figure 2b. It was obtained from the absorption
fraction of planarized chain segments, taking into account the
relative change in oscillator strength between disordered and
planarized chain segments, as detailed in the SI.
From the absorption data we infer that below the critical

transition temperature, the percentage of planarized chromo-
phores increases continuously, saturating at a maximum value
of about 30% at 120 K. In contrast, the percentage of
fluorescence from planarized chromophores increases steeply
below the transition temperature, until below 160 K, emission
results entirely from the planarized chromophores. The fact
that emission results entirely from planarized chromophores
though they make up only 30% of the total composition implies
efficient energy transfer from disordered to planarized
chromophores.
Figure 3 shows the transient absorption spectrum of MEH-

PPV in solution at 120 K, excited at 2.12 eV and probed
between 2.5 and 1.7 eV with a delay time of 75 fs. As the
disordered chains do not absorb for excitation at 2.12 eV, we
assign the peak observed near 2.3 eV to the ground-state bleach
(GSB) of the S1 → S0 0−1 transition of the planarized
chromophores. The feature near 2.1 eV is the superposition of
the ground-state bleach of the 0−0 transition of the planarized
chromophores (as evident from Figure 1a) and the associated
stimulated emission (SE). Accordingly, the feature centered

near 1.9 eV is assigned to the 0−1 feature of the stimulated
emission transition (SE 0−1). Since the fluorescence spectrum
of the planarized chromophores is evident in Figure 1b, it is
possible to spectrally decompose the 0−0 feature of the pump−
probe spectrum into the contributions from GSB and SE. To
this end, we take the 120 K photoluminescence (PL) spectrum
and normalize it in such a way that the 0−1 peak of the PL
spectrum matches the 1.9 eV ΔT/T signal in intensity, taking
into account a slight spectral shift of about 10 meV between the
steady-state and the time-resolved spectra. Subtraction of the
120 K PL spectrum from the ΔT/T signal yields the spectrum
associated with the ground-state bleach.
From this spectral decomposition we find a 0−0/0−1 ratio

of the GSB that significantly exceeds unity, similar to that of the
absorption spectra obtained for the planarized chromophores
from steady-state data (Figure 2a). In a recent publication,17

absorption spectra of aggregated MEH-PPV were simulated
theoretically resulting in a significantly smaller 0−0/0−1 ratio
compared to this work, mainly due to an underestimated
contribution of the coiled phase to the overall absorption
spectrum.
When exciting a sample held at 120 K with 2.48 eV, Figure

2a tells us that 95% of the absorbing chromophores are in a
disordered conformation. Yet already at 1 ps after excitation,
the GSB signal shows signatures of both disordered and
planarized chromophores. This is documented by Figure 4 in
which pump−probe spectra are shown that are detected after a
delay time of 1 and 5 ps.
Spectra at further delay times are listed in the SI. Based on

the same decomposition routine as above, the total GSB signal,
due to disordered chromophores and to planarized chromo-
phores, was obtained. We then used the GSB signal from the
planarized chains derived in Figure 3, normalized it
appropriately, and subtracted it from the total GSB signal to
derive the GSB contribution of the disordered chain, analogous
to the spectral decomposition approach described above. The
relative contribution of planarized and of disordered
chromophores obtained by this procedure is displayed in
Figure 5 as a function of time. In both, Figures 4 and 5, we see
that the contribution due to the lower-energy, planarized
chromophores grows at the expense of the higher-energy,
disordered chromophores.

Figure 3. Pump−probe spectrum (gray dots) taken at 120 K, 75 fs
after excitation at 2.12 eV, where only the planarized chains absorb.
The spectrum is decomposed into the contributions from stimulated
emission (SE, filled orange curve) and ground-state bleach (GSB, filled
red curve). The SE contribution was obtained by normalizing the
120 K PL spectrum to match the 1.9 eV SE peak. The GSB
contribution was obtained by subtracting the normalized 120 K PL
spectrum from the total ΔT/T signal.
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We interpret the rising contribution from the planarized
chromophores to result from energy transfer from the higher-
energy disordered chromophores that is completed within a few
ps. A similarly rapid energy transfer from disordered to ordered
chain segments has been observed also in polyfluorene (PFO)
thin films.18 Such a fast transfer is incompatible with long-range
energy transfer from isolated coiled chains to planarized chains
(see SI). It rather suggests that planarized and coiled
chromophores are in close proximity, for example, by
planarized chain segments forming an ordered cluster
surrounded by more disordered coiled chains or chain
segments, which was also proposed recently.19,20 Since

experimental and theoretical previous work suggests that
MEH-PPV forms planarized segments above a certain
concentration,7,21 the planarized segments are more likely to
arise from coalescing chains than by self-folding.
In structures where acceptor chromophores are embedded in

a matrix of donor chromophores, energy transfer is
characterized by a kinetics comprising several compo-
nents.22−24 Initially, fast monoexponential decay of the donor
emission prevails due to energy transfer to immediately
adjacent acceptor sites. In a second step, the decay becomes
dispersive since energy transfer takes place over a range of
distances and in a multistep fashion. Both transfer types, that is,
(parallel) transfer over a range of distances and (sequential)
multistep transfer, have been shown to result in a stretched-
exponential decay law,25−31 also referred to as Kohlrausch−
Williams−Watts (KWW) decay law32
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where β is a parameter that accounts for the deviation from
nonexponentiality. β takes the value of 0.5 in the case of
Förster-type energy transfer. In the long-time limit, finally, the
donor decay is dominated by those donor chromophores that
decay naturally before energy transfer to distant acceptor sites
can occur. The donor emission thus asymptotically approaches
the natural donor decay lifetime. Figure 5 indicates that the
temporal evolution of the GSB contributions of disordered
chromophores and of planarized chromophores is consistent
with such a picture. The dashed lines indicate such a decay/
growth pattern with an initial exponential decay/growth with
about 300 fs lifetime, followed by a stretched-exponential with
β = 0.5 and a characteristic time in the range of 1 ps. Similar
values and quality of fit result when using a multiexponential
approach.
In passing we mention that, in Figure 4, we consider that the

slight difference between the measured ΔT/T signal at 1.75 eV
and the SE (derived from the normalized PL spectra) indicates
some excited-state absorption from disordered chromophores.
We now consider the decay of the pump−probe signal near

2.1 eV. This is interpreted as the decay of the excitations on the
planarized segments. Figure 6 reveals a decay that is not exactly
exponential yet approaches an exponential decay with a lifetime
of about 350 ps. Such deviation from monoexponentiality is an
ubiquitous phenomenon not only in energy-transfer studies but
also in time-resolved fluorescence studies on conjugated
polymers.24 It is usually associated with residual trapping at
unidentified traps such as oxidation products with a time-
dependent trapping rate that translates into a dispersive decay
law, described in terms of the Kohlrausch−Williams−Watts
(KWW) decay law,32 mentioned above. An exponent of 0.8
indicates that a small fraction of aggregate excitations are lost
via a weakly dispersive exciton motion toward unidentified
scavengers such as electron traps that are ubiquitous in π-
conjugated polymers.33−35

In conclusion, in addition to the observed ultrafast energy
transfer and implied core−shell structure of the aggregates, an
intriguing aspect of the present work relates to the
decomposition of the absorption spectra of MEH-PPV in
MTHF solution near and below the transition temperature. At
first glance, the overall spectra shown in Figure 2 resemble the
absorption spectra of weakly interacting H-aggregates in P3HT,
bearing out an apparent ratio of the 0−0 and 0−1 features of

Figure 4. Pump−probe spectra for excitation at 2.48 eV (where coiled
chains absorb) at 120 K for different time delays after excitation, that
is, (a) 1 and (b) 5 ps. In addition to the total ΔT/T signal (dots), the
contributions of SE, GSB from disordered chromophores, and the
GSB from the planarized chromophores are indicated by orange, blue,
and red solid lines, respectively.

Figure 5. Percentage of the ground-state bleach signal that is due to
planarized chromophores (open square symbols) or to disordered
chromophores (filled round symbols) as a function of time. The
dashed line is a guide to the eye, indicating a decay/growth pattern
with an initial exponential decay/growth, followed by a stretched-
exponential decay/growth.
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less than unity. Separating those spectra disproves this
conjecture. It turns out that the isolated spectrum of the
planarized chromophores is mirror-symmetric with the
fluorescence spectrum, thus, implying a high planarity of the
aggregated chains. In fact, comparison of the emission spectra
indicates the planarized chromophores in MEH-PPV to be as
planar as ladder-type poly(p-phenylene) (MeLPPP), where
covalent bridges enforce a rigid, flat structure and which
recently has shown room temperature Bose−Einstein con-
densation of cavity exciton-polaritons.36
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(34) Köhler, A. Nat. Mater. 2012, 11, 836−837.
(35) Mikhnenko, O. V.; Kuik, M.; Lin, J.; van der Kaap, N.; Nguyen,
T.-Q.; Blom, P. W. M. Adv. Mater. 2014, 26, 1912−1917.
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Figure 6. Decay of ΔT/T at 2.07 eV (dots) for EEx = 2.48 eV at 120 K,
presented in a Kohlrausch−Williams−Watts (KWW) plot for times
>10 ps. The red dashed line indicates a slope of 0.8, as discussed in the
text. For comparison, the blue crosses indicate the values obtained for
the area below the GSB + SE 0−0 band centered at 2.1 eV (=zeroth
spectral moment). Slight deviation at early time scales originate from a
spectral band shift. The inset shows ΔT/T at 2.07 eV plotted in a
semilogarithmic fashion, with the solid line indicating a mono-
exponential decay function with a lifetime of 350 ps.
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