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Anna Köhler,* Sebastian T. Hoffmann, and Heinz Bas̈sler

Organic Semiconductors, Experimental Physics II, Department of Physics and Bayreuth Institute of Macromolecular Science(BIMF),
University of Bayreuth, Bayreuth 95440, Germany

ABSTRACT: The poly(p-phenylene vinylene) derivative
MEH-PPV is known to exist as two morphologically distinct
species, referred to as red phase and blue phase. We show here
that the transition from the blue phase to the red phase is a
critical phenomenon that can be quantitatively described as a
second order phase transition with a critical temperature Tc of
204 K. The criticality is associated with the trade-off between
the gain in the electronic stabilization energy when the π-
system of a planarized chain can delocalize and the
concomitant loss of entropy. We studied this transition by measuring the absorption and fluorescence in methyltetrahydrofuran
(MeTHF) in two different concentrations as a function of temperature. The spectra were analyzed based upon the Kuhn exciton
model to extract effective conjugation lengths. At room temperature, the chains have effective conjugation lengths of about five
repeat units in the ground state (the blue phase), consistent with a disordered defect cylinder conformation. Upon cooling below
the critical temperature Tc, the red phase with increased effective conjugation lengths of about 10 repeat units forms, implying a
more extended and better ordered conformation. Whereas aggregation is required for the creation of the red phase, its electronic
states have a predominant intrachain character.

1. INTRODUCTION
Morphologically induced polychromism is a frequently
encountered phenomenon in conjugated polymers. It was
first recognized when studying the fluorescence from
polydiacetylene in solution.1−4 Depending on the kind of
solvent, concentration and temperature, photoluminescence is
emitted either from a high energy state (the “blue phase”) or
from a lower energy state (the “red phase”) that differ in the
extent of delocalization of the π-bond electrons .5 There has
been a lively debate whether or not this color change is a single
chain phenomenon2,6 or is rather a signature of aggregation.7,8

While polychromism is of scientific interest as it indicates
changes in the underlying electronic structure, it has also
potential for commercial applications. For example, the
temperature-dependence of absorption and emission in
derivatives of polydiacetylene is being considered for sensor
applications.9,10

A more recent, and for opto-electronic applications also more
relevant example is the chromism that been observed in
conjugated polymers of the poly(p-phenylene vinylene)
family,11−21 the poly(p-phenylene) family22−26 and the
polythiophene family.27−30 In these materials, the polychrom-
ism indicates changes in electronic coupling between the
molecular subunits. This has a strong impact on the
performance of devices such as transistors, solar cells or light-
emitting diodes.24,25,29−33 Understanding the relationship
between the conformation of polymer chains and their
electronic structure in the excited state is thus a key issue in
the field. We need to comprehend (i) which physical
phenomenon causes the polychromism and its dependence
on experimental parameters such as temperature, concentration

and molecular weight, and (ii) what is the role of intrachain and
interchain interactions in this process.
In the current manuscript, we address the origin of the

polychromism for the prototypical polymer MEH-PPV (poly-
(2-methoxy-5-(2‘-ethylhexyl)oxy 1,4-phenylene vinylene)).
MEH-PPV is well-known to show a bimodal distribution of
emission maxima.11−14,17,18,34−38 The two associated chain
conformations are referred to as “blue phase” and “red phase”.
We measured the absorption and fluorescence spectra of MEH-
PPV with molecular weight of about Mw = 60 ± 10 kD,
equivalent to about 230 ± 40 repeat units per chain, in methyl-
tetrahydrofuran (MeTHF) solution between 300 K and 80 K.
The concentrations were 5 × 10−6 mole of repeat unit/liter of
solvent and 10−7 mole of repeat unit/liter of solvent. The aim
of this study is to gain insight into the condition and
mechanism for the formation of a bimodal distribution of
excited states in MEH-PPV.
Our results suggest that, (i) the transition from the blue

phase to the red phase can be described as a cooperative
phenomenon that leads to a second order (continuous) phase
transition. It is associated with a disorder-to-order transition,
corresponding to a change in the polymer structure. (ii) We
find that both, intrachain and interchain interactions facilitate
the establishment of the more ordered, that is, a red phase.
Thus, in MEH-PPV the formation of the red phase is assisted by
concentration dependent aggregation, yet the electronic nature
of the excited state has a predominant intrachain character.
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2. EXPERIMENTAL METHODS
MEH-PPV was purchased from American Dye Sources Ltd. (ADS),
Canada, and dissolved in methyltetrahydrofuran (MeTHF) at a
concentration of 5 × 10−6 mol/L and of 1 × 10−7 mol/L. The quantity
“mol” refers to the repeat unit of the polymer. For the temperature-
dependent measurements of absorption or fluorescence, the solution
was filled in a fused silica cuvette and was placed in a continuous flow
cryostat. The temperature was monitored using a home-built
temperature controller. At each temperature, we waited for about 15
min to ensure a stable equilibrium temperature is obtained throughout
the sample space. To acquire the absorption spectra, we excited using a
tungsten lamp and recorded the transmission dispersed by a
monochromator using a silicon diode and a lock-in amplifier. The
spectra were corrected for the transmission of the setup. For the
photoluminescence spectra, we excited at 405 nm (3.06 eV) using a
diode laser and recorded the emission spectrum with a glass fiber
connected to a spectrograph with a CCD camera attached (Oriel
MS125 attached to Oriel Instaspect IV).
In order to separate the relative contribution from the blue phase

and the red phase in absorption and emission, as well as in order to
obtain more accurate energetic positions for the S1−S0 0−0 transition
and to derive the variance σ of the line width, we deconvoluted the
absorption and emission bands using a Franck−Condon analysis as
described in refs 22,39,40. For example, to model the absorption
spectrum A(ℏω) in photons/energy interval, we used the expression
A(ℏω) = n3*(ω)3∑miΠi(e

−SSi
ni)/(mi!)Γδ[ℏω − (ℏω0 + Σmiωi)],

where ℏω0 is the energy of the 0−0 peak, ℏωi are the vibrational
energies of the modes i taken from Raman spectra, mi denotes the
number of vibrational overtones, Γ is the Gaussian Lineshape operator,
and Si is the Huang−Rhys parameter for the mode i. Γ is related to the

variance σ of the line width by Γ = (1/(2(2π)1/2))e−((ℏω−ℏω0)
2)/(2σ2). n is

the refractive index of the surrounding medium. For MeTHF, it is 1.4
and can be considered constant over the range investigated, since
MeTHF is transparent in this spectral range. We considered two
modes i and mi = 4 overtones for each mode. The modes considered
were 1306 cm−1 (CC stretching coupled to CH bending of the
vinyl group) and 1586 cm−1 (CC stretching of the phenyl ring).
These high-energy modes couple most strongly to the electronic
excitations, as evident from their high Raman intensity. The numerous
other active modes with low Raman intensity were not incorporated in
this analysis. The two modes employed may thus be considered as
effective modes. Importantly, the large number of low-energy modes
such as torsions and librations are NOT included explicitly in A(ℏω).
Instead, their contribution is, to some extent, subsumed in the variance
σ of the line width.41

The temperature-dependent oscillator strength for the blue phase
and the red phase was derived by considering by which factor F(T) the
overall absorption increases with temperature relative to its value at the
reference temperature T0 of 290 K, where all the absorption is due to
the blue phase. If ϕR and f R(T) denote the compositional fraction of
the red phase and its oscillator strength, and ϕB and f B(T) take the
same meaning for the blue phase, it follows that ϕR(T)f R(T) + ϕB(T)
f B(T) = F(T)*1*f B(T0 = 290). From 300 to 220 K, less than 4% of
absorption is due to the red phase (vide infra) and can be neglected.
The increase in overall absorption (emission) intensity from 300 to
220 K translates in an increase in oscillator strength for the blue phase
due to planarization by a factor of 1.1 (1.5). Below 210 K, where the
red phase is formed, we have considered f B to remain largely constant
at 1.1 (1.5) times the 290 K value. With this, f R(T) can be calculated.

3. RESULTS
Figure 1a−c shows the absorption and emission spectra taken
from MEH-PPV in MeTHF solution within a temperature
range of 300−80 K (300−110 K for emission) taken at a
concentration of 5 × 10−6 mol/L. In Figure 1d, the
luminescence at 1 × 10−7 mol/L is shown for comparison.
The absorption spectra are a superposition of a broad,
vibrationally unresolved band that shifts bathochromically

from 2.50 to 2.25 eV upon cooling (the blue phase) and a
vibrationally resolved spectrum with a S1←S0 transition near
2.1 eV (the red phase) that grows upon cooling from 200 K
onward.
Both phases fluoresce, and consequently, below 200 K, the

fluorescence spectrum is supercomposed by emission from the
blue phase with a 0−0 peak at about 2.20 eV and a red phase
with a 0−0 peak at about 2.07 eV. Upon cooling, the intensity
of the emission from the blue phase reduces while that of the
red phase grows, giving rise to an isosbestic point. Obviously,
there is a temperature induced transformation from the blue
phase to the red phase. In the temperature range above 200 K,
only fluorescence from the blue phase is observed. This
emission shows a temperature-dependent shift of 0−0 energy
and line width that is characteristic for disordered organ-
ics.39,42,43 The mechanism for this temperature dependent
energy shift will be analyzed in detail further below. Upon
diluting the solution to a concentration of about 10−7 mol/L,
the emission of the red phase vanishes. For the entire
temperature range from 300 to 110 K, the spectrum is that
of the blue phase emission.
An emission or absorption band can be assigned to one or

two emitting species when it can be modeled as either a single
Franck−Condon progression or a superposition of two such
progressions.22,40 This is illustrated in Figure 2. At 290 K,
absorption and emission can be modeled as a vibrational

Figure 1. The optical transitions of MEH-PPV in MeTHF solution as
a function of temperature, taken (a) for absorption in 5 × 10−6 M
solution from 80 to 300 K in increments of 20 K, (b) for fluorescence
in 5 × 10−6 M solution from 110 K to 200 in increments of 10 K, (c)
for fluorescence in 5 × 10−6 M solution from 210 to 300 K in
increments of 10 K and (d) for fluorescence in 10−7 M solution from
110 to 300 K in increments of 20 K.
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progression of a single emitter. Our Franck−Condon fit uses a
0−0 energy at 2.260 eV and a disorder parameter σ = 51 meV
for the width of the Gaussian peaks used in the progression. In
contrast, at 165 K, the spectra can only be reproduced by
considering two progressions with 0−0 peaks located at 2.175
eV (σ = 40 meV) and 2.079 eV (σ = 25 meV) that have the
same high-energy vibrational peaks, yet a different overall
Huang−Rhys parameter and different line shape. As the
temperature is reduced, the contribution from the higher
energy, “blue” progression reduces until the spectrum is almost
entirely dominated by the lower energy, “red”, progression at
110 K.
From the Franck−Condon analysis of the absorption and

fluorescence spectra, we obtain the energies of the 0−0
transition as a function of temperature, shown in Figure 3a. By
comparison with the 0−0 transition energies for entirely planar
alkoxy-substituted phenylene vinylene oligomers (OPVs) we
derive the effective conjugation length as follows. In recent
work,39 we have shown that in contrast to alkyl-substituted
OPVs, alkoxy-substituted OPVs adopt fully planar structure.
Their 0−0 energies can be fitted to the exciton model39,44 that
rests upon the particle in a box model developed by Kuhn and
co-workers45,46

β π= +
+

⎜ ⎟⎛
⎝

⎞
⎠E N E

N
( ) 2 cos

10
(1)

with the parameters E0 = 4.65 eV, β = −1.30 eV, and N being
the number of repeat units. If we consider the 0−0 energy for
the MEH-PPV chain and evaluate to which planar oligomer
energy this corresponds, we derive the temperature dependent,
mean effective conjugation length of for the blue phase that is
displayed in Figure 3b. At room temperature, this turns out to
be five repeat units in absorption and sven in emission. This
value is in good agreement with the value of 7.6 repeat units
found by De Leener et al. for the mean delocalization length for
a 30-mer MEH-PPV oligomer on the basis of Monte Carlo
simulations and quantum chemical calculations of the excited
state in the isolated oligomer.47 The Franck−Condon analysis
of the fluorescence from the blue phase further yields a disorder
parameter for the inhomogeneously broadened line shape of 51
meV. Part of this broadening results from fluctuations of the
local polarization of the environment, yet some part represents
a variation in conjugation length that, for the blue phase in
MEH-PPV in solution, arises from torsions.39 By comparison
with our earlier work39 we find the contribution of torsional
induced disorder to the overall energetic disorder amounts to
about 40 meV. This translates into a variance σN of ±0.5 for the

Figure 2. Franck−Condon fits to the fluorescence spectra of MEH-
PPV taken in 5 × 10−6 M MeTHF solution (a) at 110 K, (b) at 165 K
and (c) at 290 K. Shown are the fits to the blue phase (short dashes),
to the red phase (dashes), the sum of both fits (solid line) and the
experimental data (open circles).

Figure 3. (a) The positions of the 0−0 peaks for absorption (open
symbols) and emission (full symbols) obtained from the Franck−
Condon fits, for the blue phase at 5 × 10−6 M (circles) and 1 × 10−7

M (crosses) solution, and for the red phase (squares) in 5 × 10−6 M
solution. The arrow indicates the energy expected for emission from
an infinitely long planar alkoxy-substituted PPV chain according to eq
1. (b) The effective conjugation length obtained by applying eq 1 to
the values displayed in (a). A few exemplary error bars are indicated to
illustrate the error obtained by eq 1 when the energy of the 0−0
position has an uncertainty of ±10 meV.
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conjugation length of n0 = 5 repeat units, that is, roughly 2/3 of
all chromophores in the blue phase have a conjugation length
between 4.5 and 5.5 repeat units in absorption, reflecting the
ground state geometry, and between 6.5 and 7.5 in emission.
The longer conjugation length in emission represents the
excited state geometry after relaxation and partly also after
spectral diffusion to lower energy chromophores. The relative
weight of the two factors and their dependence on temperature
will be discussed in detail further below.
Figure 3b further shows that for the dilute sample at a

concentration of 10−7 mol/L, the effective conjugation length
in the excited states increases continuously from 7 to 10 repeat
units upon cooling from room temperature to 110 K. In the
sample with 5 × 10−6 mol/L, the same conjugation lengths are
obtained for the blue phase. There is an abrupt change,
however, when the red phase is formed. In the red phase, the
conjugation length in the excited state ranges from about 18
repeat units at 220 K to about 35 repeat units at 110 K. The
values obtained at low temperature are subject to considerable
error, since, based upon eq 1, the larger the effective
conjugation length the smaller is the variation in the excited
state energies.39 We find the same trend for the ground state
geometry, that is, a small increase in conjugation length from 5
to 6 repeat units upon cooling in the blue phase, yet a jump to
10 repeat units at 220 K when the red phase forms, increasing
to 18 at 80 K. It is gratifying to note that the experimental value
for the S1 → S0 0−0 transition of the red phase extrapolates to
2.05 eV. This is exactly the value predicted by eq 1 for an
infinitely long chain using the parameters inferred from the PL
spectra of the alkoxy-substituted phenylene vinylene
oligomers.39

Using the deconvolution of the spectra, we can determine
the fractional contribution of the blue and the red phase to the
overall spectrum. To convert from the fraction of absorption by
the red phase to the actual fraction of composition by the red
phase, we need to correct for the increased oscillator strength in
the red phase compared to the blue phase as detailed in the
Experimental section above. It turns out that the increased
conjugation length in the red phase leads to an oscillator
strength that is about 1.5 times that of the blue phase at room
temperature. Taking this into account, we obtain the fraction of
red and blue phase in the overall composition presented in
Figure 4. From room temperature to about 200 K, emission
and absorption only involve the blue phase. From 200 K on, the
red phase gains intensity. The key feature to notice is that the
temperature-driven transformation from the blue to the red
phase does not commence gradually. Instead, the phase
transformation starts with a high rate of change near 200 K
that only reduces at lower temperatures. Above 200 K, only a
weak pretransitional red phase absorption/emission is
observed. Empirically, we can functionalize the temperature
dependences of the fraction f R(T) of red phase and of the blue
phase f B(T) as

=
−

= −
β⎛

⎝⎜
⎞
⎠⎟f T a

T T
T

f T f T( ) and ( ) 1 ( )R
c

c
B R

(2)

A fit using the parameters Tc = 204 K and ß = 0.33 is indicated
in the figure, with a = 1 for absorption and a = 1.25 for
emission. Such a temperature dependence is indicative of a
second order phase transition. To allow for a better assessment
of the quality of fit, the data is displayed in Figure 1c on a
double logarithmic scale, with (204-T)/204 being the ordinate.

A slope of 1/3 is indicated as solid line. An overall good quality
of fit is evident for the data resulting from the absorption
spectra, with the fit predicting 100% red phase at 0 K. In the
temperature range of about 110 K and below, the amount of
red phase formed appears to saturate. We attribute this to the
fact that while the melting point of MeTHF is usually listed as
80 K in common chemical data sheets, the viscosity of MeTHF
increases from 110 to 80 K by more than 10 orders of
magnitude, thus impeding further planarization of the chains.48

When considering the compositional fraction of red phase
observed in emission, we find the exactly same temperature
dependence, yet the overall red phase fraction in emission is
increased by about 25%, even at temperatures where the
solvent becomes viscous. We take this to indicate some residual
energy transfer from the blue to the red phase

4. DISCUSSION AND CONCLUSIONS
The existence of a blue phase and a red phase is well
documented for MEH-PPV.12−14,17,18,34−38 There is, however,
some discussion regarding the nature of the excited states
involved.16,18,21,47 There is widespread consensus that the blue
phase is associated with an excitation of a single chromophore

Figure 4. The fraction of red phase (squares) and blue phase (circles)
in the overall composition as a function of temperature, (a) derived
from the absorption spectra, (b) derived from the photoluminescence
spectra. The solid line indicates a fit to eq 2, with the parameters as
indicated in the figure. (c) The fraction of red phase derived from
absorption (open symbols) and emission (full symbols) spectra,
plotted on a double logarithmic normalized temperature difference
scale, that is, against (Tc − T)/Tc, for Tc = 204 K. The solid line
indicates a slope of 1/3.
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on a MEH-PPV chain, i.e. a sequence of electronically coupled,
π-conjugated repeat units along the chain that do not interact
electronically with other chromophores. This blue phase
prevails in dilute solution (Figure 1d). Its vibronic structure
can be reproduced well by a Franck−Condon progression
(Figure 2).39 It is thus attributed to electronically isolated
MEH-PPV chains.
In single molecule fluorescence measurements, where a blend

of MEH-PPV and polycarbonate is spin-cast to form a thin film,
a similar blue phase emission with a 0−0 peak at about 2.25 eV
(550 nm) has been observed. By comparing the measured
anisotropy of the polarized fluorescence with the anisotropy
predicted from conformations simulated by Monte Carlo
measurements, the emission from this blue phase has been
associated with MEH-PPV chains that arrange in a more
oblong, even compact, chain structure, referred to as “defect
cylinder”.13,35,36,49 Our solution spectra for the blue phase are
very similar to the spectra of MEH-PPV/polycarbonate film,
and the solvent we used, MeTHF, is known not to be a good
solvent for MEH-PPV. We conjecture that the MEH-PPV
chains in the solution in the blue phase therefore adopt a
conformation similar to the “defect cylinder”, with rigid
segments folded in a disordered way to a compact structure.
4.1. Considering the Electronic Nature of the Two

Phases. The nature of the excitations that give rise to the red
phase is more complex. We observe the red phase, with a 0−0
peat at 2.06 eV for PL at 110 K, in the more concentrated
solutions (Figure 1). Its existence therefore benefits from some
degree of aggregation.11,38,47 Nevertheless, there is compelling
evidence that absorption and emission in the red phase is not
caused by interchain excitations such as excimers or H-
aggregates. Excimers can be excluded as the red phase has its
own absorption spectrum (Figure 1) and can be excited
directly.18,21 Transitions involving H-aggregates can be
discarded since (i) the absorption and emission of the red
phase shows a well resolved, narrow vibrational structure that
can be fitted well by a single Franck−Condon progression
(Figure 2), (ii) single molecule spectroscopy on MEH-PPV
chains dispersed in PMMA matrix at 1.2 K show that the
emission from selectively excited “blue” and “red” chromo-
phores features sharp phonon lines, demonstrating clearly that
both emissions originate from individual chromophores,18 (iii)
the energy difference between the blue phase and the red phase
is on the order of less than 0.15 eV. This is significantly less
than for example the ∼0.7 eV energy difference that exists
between the disordered phase of poly(3-hexylthiophene)
(P3HT) that consists of coiled chains and ordered phase of
weakly interacting H-aggregates.27,29 Electronic interactions
leading to H-aggregates should result in a substantial energetic

stabilization of the excited state, and a shift of only 0.15 is at
variance with this. (iv) Combined Monte Carlo/Quantum
chemical calculation on the excited states of MEH-PPV-
oligomers in the bulk indicate that π stacking does not lead to a
spread of electronic excitations over neighbor chromophores.47

Thus in summary, the red phase can be associated with
excitations located predominantly on individual chromophores
on MEH-PPV chains, even though it requires a sufficiently high
local density of chains to form the red phase. This is evident
from the disappearance of the red phase upon dilution in Figure
1, and it is consistent with the calculations by De Leneer et al.47

and fluorescence lifetime imaging microscopy measurements by
Peteanu, Sherwood and coworkers.50,51

The red phase is at lower energy than the blue phase,
implying a higher degree of conjugation. As this is not obtained
by spreading significantly onto adjacent chains, it must be
obtained by extension of the electronic π-coupling over a larger
number of repeat units, suggesting a reduced torsional induced
disorder. Like for the blue phase, we apply the exciton model
(eq 1),39,44 and we arrive at an average conjugation length of 10
(18) repeat units for the ground state (excited state) at 220 K,
where the first chains in the red phase appear. This length
increases with decreasing temperature to values around 15 (35)
repeat units at 110 K, as already mentioned above. There is an
increasing error associated with increasing conjugation length,
since for long conjugation length, the changes in excited state
energies are weak and even tend to zero for infinite conjugation
(n → ∞ in eq 1), implying that the conjugation might be even
larger. In any case, it is clear that in the red phase, the chain is
significantly more elongated than in the blue phase. This results
in a different electronic structure, as evident in Figure 5. Figure
5 shows the absorption and fluorescence spectra of the MEH-
PPV chains in 5 × 10−6 M solution at 290 K, where only the
blue phase prevails, and at 110 K, where the red phase
dominates. In neither case do the spectra show a mirror
symmetry. This is attributed in part to the fact that torsional
relaxation prior to fluorescence can result in a narrower
emission spectrum, and in part to the fact that emission may
occur only from the longest and most ordered chains due to
spectral diffusion to lower energy chromophores while
absorption takes place into all chromophores.42,52 This is well
understood and leads to a more narrow emission spectra than
absorption spectra. When this difference in disorder is taken
into account, the absorption and emission spectra taken from
the blue phase at 290 K are similar. In particular, their Huang−
Rhys parameters are similar. In contrast to this, for the red
phase the Huang−Rhys parameters for absorption and emission
are obviously different. Such strong differences of the Huang−
Rhys parameters are typically associated with intermolecular

Figure 5. Comparison of the absorption and emission spectra obtained in 5 × 10−6 M MeTHF solution (a) at 110 K, where the red phase
dominates, and (b) at 290 K, where the blue phase dominates.
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coupling as is the case for weakly coupled J-aggregates.53−55

Clearly, this phenomenon requires a detailed, quantitative
analysis that is beyond the scope of the present paper. Here, we
shall keep our focus on the temperature-driven transition
between the blue and the red phase.
To summarize the insight gained so far, the bimodal

distribution of transition energies with a blue phase and a red
phase that is observed in our experiments and in experiments
by others, can be attributed to a bimodal distribution of
effective conjugation length.56−60,39 At 220 K in the excited
state, chromophores of the blue phase extend over about 9
units, while 18 units form a chromophore of the red phase.
Thus, the two different emission energies correspond to two
distinct phases of polymer.
4.2. The Temperature Dependent Transformation

between the Two Phases. We now draw attention to the
fact that the red phase does not evolve from the blue phase in a
continuous manner. Upon lowering the temperature, one might
naively expect the chromophores in the blue phase to planarize
and the chains to elongate, until the chromophore length
corresponding to the red phase is obtained. Figure 1
demonstrates that this is not the case. While the 0−0 energy
of the blue phase shifts slightly with temperature, it does not
move to the position of the 0−0 energy of the red phase.
Rather, at a 200 K, the red phase transitions emerges at a
spectrally distinct position from the blue phase transitions. For
a few chains, the red phase is beginning to be formed at 220K,
yet for most of the sample, red phase formation sets in at a
critical temperature of 204 K. This pretransitional feature may
be associated with either the longest and therefore less soluble
chains in the molecular weight distribution or with critical
fluctuations that are characteristic for a second order phase
transition. When the fraction of absorption from the red phase
and the blue phase are displayed as a function of temperature, a
dependence is obtained that can be fitted with the eq 1, yielding
a critical exponent of ß = 0.33. The temperature driven
transformation from the blue phase to the red phase can thus
be described as a second order phase transition. The sudden
appearance of long chromophores upon lowering the temper-
ature is a cooperative phenomenon that is accompanied by a
global change in structure and physical properties. It does not
take place in the dilute, 10−7 M solution.
What is causing this phase transition? The absence of red

phase in the dilute solution implies that a certain minimum
local concentration of chains is required. This fully agrees with
the calculations and Monte Carlo simulations by De Leener et
al..47 They calculated and analyzed the conformation of MEH-
PPV chains when they are isolated and when they are in a
locally dense packing. For isolated chains, they find excitations
to spread over chromophores of about eight repeat units. When
the chains are packed more densely, they do not interact
electronically, yet their conformational dynamics changes.
These packing effects yield conjugated segments that have
locally a more planar conformation. This is corroborated by
NMR studies of Rothberg and co-workers who have shown that
packing substantially reduces the flexibility of the backbone.11,21

Consistent with this picture, Peteanu and co-workers report
that oligomers of PPV form “core-shell” like structures in which
the core consists of aggregated, that is, red emitting, chains, and
the shell consists of monomer-like, that is, blue-emitting, chains
that are indirect contact with the surrounding solvent.50,51

Thus, from our experimental data (Figure 1), the microscopy
work of Peteanu, the NMR data of Rothberg and the

calculations by De Leener it follows that one ingredient to
this phase transition are intermolecular interactions such as e.g.
van der Waals interactions leading to a locally dense packing
which impacts on the chain conformation, reducing the
possibility of torsional motion.
We note that the effect of dense packing is 2-fold. First, it

restricts conformational dynamics. Second, it reduces contact
with the MeTHF, which is a poor solvent for MEH-PPV.
We have already argued that the blue phase we observe in

solution is similar to the defect cylinder morphology reported
for single chains in a polycarbonate matrix. Obviously, this
collapsed structure is largely driven by the fact that MEH-PPV
and MeTHF do not mix well. The longer conjugation length
found for the chromophores in the red phase implies that the
red phase must be associated with a more extended, linear
morphology, like a defect coil or toroid.13 If the chain is to be
more extended, yet solvent contact is still to be minimized, this
can best be realized inside the bulk of a sufficiently large MEH-
PPV phase, consistent with the observations by Peteanu and co-
workers.
A second, related contribution to this phase transition is due

to intramolecular interactions that stabilize a planar con-
formation. We had previously compared oligomers of the
phenylene vinylene family carrying either an alkoxy- or an alkyl
pendant group in MeTHF solutions.39 We investigated the
evolution of absorption and fluorescence spectra upon cooling.
For the alkoxy derivatives, we find there is some chain
aggregation that forces the chains into a highly ordered,
planarized conformation below 180 K. In contrast for the alkyl
derivatives, such a ordered state is not attained. Quantum
chemical calculations of the ground and excited state geometry
for a isolated trimer indicate that the equilibrium geometry in
ground state is planar for the alkoxy derivative yet twisted for
the alkyl derivative. This trend persists further in the excited
state, albeit the difference between the two structures is less
pronounced. It appears that the additional oxygen in the side
group encourages a planar structure, maybe by electrostatic
interactions between the oxygen in the side group and
hydrogen on the main chain phenyl ring. From this we infer
that the planar structure of the chromophores also requires an
intramolecular driving force.
To get some insight into this phase transition it is instructive

to consider the Gibbs free energy. For one phase, say the blue
phase, this is given by Gblue = Hblue − TSblue where G denotes
the Gibbs free energy, H is the enthalpy, T the temperature and
S the entropy. The Gibbs free energy for the red phase is
analogous, and the difference between the Gibbs free energy of
the two phases is given by ΔG = ΔH − TΔS. At a given
temperature, the phase with the smaller G will form. Thus, at
high temperature, the phase with the larger entropy prevails,61

and this is evidently the disordered blue phase rather than the
planar phase which is more restricted in its conformational
possibilities. Upon cooling, however, a critical temperature is
reached at 210 K when the gain in enthalpy, ΔH, obtained by
planarization, exceeds the entropic term TΔS. Formation of the
red phase then becomes thermodynamically favored. Since the
enthalpy depends on the extension of the π-electron system,
this disorder-to-order transition is expected to be a cooperative
phenomenon tractable in terms of the formalism of second
order phase transitions.61 This theory can also account for the
pretransitional phenomenon near the critical temperature Tc.
Regarding the entropic term, the role of torsional disorder is
worth highlighting. In our work on the origin of the
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inhomogeneously broadened line width in MEH-PPV,39 we
demonstrated that the torsional disorder of MEH-PPV in
MeTHF solution follows roughly a T2/3 dependence, in
agreement with predictions by Barford and co-workers.62,63 In
this way, the reduction of temperature leads by itself to a
reduced conformational degree of freedom, i.e. entropy, that, at
the critical temperature, can no longer compete with the gain in
enthalpy upon planarization, in particular, as the torsional
modes are strongly coupled to the electronic state of the
polymer.41,52,64,65

In summary, we have demonstrated that the experimentally
observed bimodal distribution of transition energies can be
quantitatively described as a second order phase transition from
a disordered, blue phase to a ordered, more planar red phase. A
certain local density is required to allow for this phase
transition. Further work should consider to which extend the
critical temperature depends on molecular weight and
polydispersity of the sample and on the quality of the solvent.
With a view to other, related polymer structures, it would be
interesting to consider by quantum chemical calculations the
interplay between gain in π-electron energy upon planarization
and possibly required geometric repulsion energy. This
enthalpy term will need to balance any entropic term if such
a phase transition is to also take place in other polymers.
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M.; Riedle, E. J. Am. Chem. Soc. 2011, 133, 18220.
(32) Turner, S. T.; Pingel, P.; Steyrleuthner, R.; Crossland, E. J. W.;
Ludwigs, S.; Neher, D. Adv. Funct. Mater. 2011, 21, 4640.
(33) Lin, H. Z.; Tian, Y. X.; Zapadka, K.; Persson, G.; Thomsson, D.;
Mirzov, O.; Larsson, P. O.; Widengren, J.; Scheblykin, I. G. Nano Lett.
2009, 9, 4456.
(34) Grey, J. K.; Kim, D. Y.; Donley, C. L.; Miller, W. L.; Kim, J. S.;
Silva, C.; Friend, R. H.; Barbara, P. F. J. Phys. Chem. B 2006, 110,
18898.
(35) Ebihara, Y.; Habuchi, S.; Vacha, M. Chem. Lett. 2009, 38, 1094.
(36) Ebihara, Y.; Vacha, M. J. Phys. Chem. B 2008, 112, 12575.
(37) Nguyen, T. Q.; Wu, J. J.; Doan, V.; Schwartz, B. J.; Tolbert, S.
H. Science 2000, 288, 652.
(38) Nguyen, T. Q.; Doan, V.; Schwartz, B. J. J. Chem. Phys. 1999,
110, 4068.
(39) Hoffmann, S. T.; Bas̈sler, H.; Köhler, A. J. Phys. Chem. B 2010,
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