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ABSTRACT: Spin-cast intermolecular interactions in conjugated
polymer films lead to the formation of excited states delocalized over
a few oriented and tightly packed conjugated segments. The
optoelectronic properties of conjugated polymers are strongly dependent
on the presence of such oriented domains at a nanoscale level. We
observe oriented domains as large as several micrometers in size
spontaneously formed in spin-cast PBDT-TPD films. Two-dimensional
polarization imaging of fresh and photodegraded films showed a much
higher visibility of the oriented domains in the degraded samples. We
propose that the film is a mixture of two phases with different degrees of
chain alignment. The photoluminescence of the more anisotropic phase
is more stable against photodegradation in comparison with the less
anisotropic phase. Photodegradation predominately quenches photoluminescence of the less anisotropic phase making the
oriented domains more visible in the polarization contrasts. Spectral and energy transfer properties of the more oriented phase
allowed us to assign it to weakly coupled H-aggregates with the suppressed 0−0 vibronic transition. Stable photoluminescence
of H-aggregates in comparison with that of nonaggregated (less oriented) chains may help to understand degradation
mechanisms of polymer devices and shows the role of energy transfer in this process. Selective degradation-induced quenching
can reveal hidden inhomogeneity of conjugated polymer films.

■ INTRODUCTION

Conjugated polymers (CPs) possess optical and electronic
properties of semiconductors. This makes them highly
interesting from the point of view of fundamental photophysics
and physical chemistry as well as for technology, where organic
field-effect transistors,1 organic light emitting diodes,2 photo-
voltaic cells,3 electrochemical transistors for bioelectronics and
sensors,4−6 and devices for neuromorphic computing7 are just
a few applications to mention.
CPs possess π-conjugated systems, extended along the chain

backbone, making a clear correlation between the chain
direction and the direction of the optical transition dipole
moments. An isolated chain can be seen, at the first
approximation, as a set of segments (chromophores), where
the direction of the transition dipole moment coincides with
the direction of the backbone of the segment.
CP chains in a film can adopt different conformations;

however, contrary to insulating polymers where only
mechanical properties are influenced, here the chain

organization becomes also extremely important for the optical
and electronic properties of the materials. This is because of
the electronic interactions between the closely situated chain
segments. Dense chain packing can be reached only when
polymers chains arrange, at least locally, in a quasi-parallel
fashion, creating conditions for the formation of collective
excitons and partially charge separated excitations.
Indeed, due to the strong transition dipole moments and the

close distance between the chain segments, exciton coupling
between chromophores must be considered. Exciton coupling
leads to delocalization of the excitation over two or more
segments and can be J-type for head to tail arrangement, or H-
type for parallel arrangement of dipoles. Weak J-coupling leads
to a slight red shift of the spectra and, in principle, has a similar
effect as increasing of the effective conjugation length.
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However, weak H-coupling, besides slight blue-shifting of the
spectra, suppresses 0−0 vibronic transitions relative to 0−1
and other vibronic transitions.8 This leads to drastic changes in
the absorption and luminescence spectra. In a real polymer
film J- and H-coupling exist probably at the same time, in
different local regions, leading to substantial inhomogeneous
broadening of the spectra and also affecting the fluorescence
lifetime and photoluminescence (PL) quantum yield in a
complicated and not fully rationalized manner.9,10

Spin-cast films of CPs without any noticeable optical
anisotropy within the plane of the film (x−y plane) can be
formed, but often the optical characteristics (like, e.g.,
refractive index) are different for light with the electric field
direction normal (z-direction) versus parallel (x−y plane) to
the film plane.11−17 This happens because π-conjugation is
typically planar, so the chains look like ribbons and there is a
preferential orientation of the conjugated planes relative to the
substrate surface. Preferential orientation in the x−y plane also
can exist locally in the film; however, with optical resolution it
is usually not visible because individual oriented domains are
often too small compared to the resolution of the optical
microscope and their orientation is random. The size of the
oriented domains with distinct polarization in the x−y plane
varies from several to hundreds of nanometers, depending on
the structure of the polymers and the film preparation
process.18−20 Single molecule spectroscopy studies directly
showed highly oriented chain conformation possessing high
polarization in absorption and emission.21,22 However,
ensemble averaging in films eliminates polarization anisotropy
making films optically uniform.

The ability of polymer chains to orient in films is determined
by their chemical structure. Some polymers indeed readily
form polycrystalline films with micrometre or even larger
domains.23−27 One can see a semicrystalline film as a mixture
of monocrystalline (crystal) and noncrystalline (amorphous)
where small crystalline domains extend their order over a larger
scale via a high degree of interconnectivity through tie-
molecules. Note that long range order is a quite desirable
property for obtaining high and anisotropic charge mobility.25

Preferential orientation on scales of millimeters and larger can
be induced for some CPs using external stimulus, including
deposition on a liquid substrate,28 mechanical rubbing,29

epitaxial growth and unidirectional deposition techniques,30 in
situ photo-polymerization on nematic liquid crystals,31 and
other methods. The morphology of polycrystalline polymer
films has been studied by scanning probe near-field optical
microscopy,27 polarized charge modulation spectroscopy,25

transmission electron microscopy,26 near edge X-ray absorp-
tion fine structure,24 and scanning transmission X-ray
microscopy.23,24

In this paper we report an observation of spontaneously
formed highly oriented domains of several micrometers in films
of the CP PBDT-TPD prepared by the standard spin-casting
method. This studied polymer has not been known before to
possess any polycrystalline properties at a large spatial scale. X-
ray scattering has shown this polymer to be partially crystalline,
albeit with small domains.32 We studied these domain
structures using polarization fluorescence microscopy and in
particular two dimensional polarization imaging (2D POLIM).
We found that the polymer film is a mixture of less oriented
and more oriented phases where the latter show a red-shifted

Figure 1. (a) Principle scheme of the 2D POLIM experiment. The sample is excited using linearly polarized light with the electric field vector
oriented at an excitation angle φex. Another polarizer (analyzer with a transmission angle φem) placed in the emission path is used to probe the
polarization properties of luminescence. The luminescence images are recorded at different combinations of the excitation angle φex and emission
probe angles φem by an EMCCD camera. (b) 2D POLIM contrasts such as modulation depths and phases of excitation and emission, are obtained
by analyzing the luminescence intensity in each pixel of the image as a function of φex and φem. (c) Chemical structure of the polymer PBDT-TPD.
(d) Illustration of the epifluorescence experimental geometry used in this work (lasergreen, luminescencered); the film thickness was about
100 nm.
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PL spectrum. The ratio between the two phases depends on
the substrate and other preparation conditions. These two
phases show different luminescence spectra and also a different
stability against photo-oxidation. The last effect allowed us to
use photo-oxidation as a tool to make (to “develop” in analogy
to the photographic film processing) the pattern of the
polarized domains visible, which is hardly visible in freshly
prepared films. We assign the more oriented structures to
weakly coupled H-aggregates which are always present in the
film; however, their contribution to fluorescence is usually
screened by the dominant luminescence from local emitting
sites in the less oriented nonaggregated phase. We also found
that long-range excitation energy transfer (EET), although very
efficient within the nonaggregated phase, is much less efficient
for excitons trapped in H-aggregates. We believe that the
observed correlation between the structure, spectral properties,
and photostability will be useful for further understanding the
factors limiting the efficiency and stability of polymer
photovoltaic devices.

■ MATERIALS AND METHODS
The π-CP poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-
b:4,5-b′] dithiophene-2,6-diyl-alt-(5-(2-ethylhexyl)-4H-thieno[3,4-
c]pyr-role-4,6(5H)-dione)-1,3-diyl] (PBDT-TPD, Figure 1c) is a

known donor material for polymer solar cells.32−38 The synthesis of
PBDT-TPD with weight-average molecular weight Mw = 83.8 kDa is
described in details elsewhere.32 To prepare the spin-cast films, the
glass substrates were cleaned by 2% Hellmanex III solution at 35° in
an ultrasonic bath for 30 min, then washed with Milli-Q water three
times and exposed to ozone generated in a UV lamp chamber (254
nm) for 30 min. The PBDT-TPD polymer film was prepared by spin-
casting at 990 rpm of 12.5 mg/mL solution of PBDT-TPD in
chloroform on a clean glass substrate, which resulted in a film
thickness of about 100 nm. For photodegradation, the films were
exposed to circularly polarized light at 488 nm with a power density as
high as 10 W/cm2 over a 100 μ sized area for 10 minutes under
ambient conditions. All the followed measurements (2D POLIM, PL
spectra, absorption spectra and PL decay) were carried out under a
nitrogen atmosphere (where the degradation process was much
slower even at a high excitation power) and low excitation power
density (0.01 W/cm2) to avoid extra sample degradation.

Luminescence properties of the films were studied using two home-
built wide-field epifluorescence microscopes based on Olympus IX71
equipped with 40× (NA = 0.6) dry objective lens; the geometry of the
experiment is shown in Figure 1d. One of the microscopes was
designed for polarization (2D POLIM) and spectral measurements
and the other for luminescence kinetics measurements.

The principle of the two-dimensional polarization imaging (2D
POLIM) technique is illustrated in Figure 1a. The sample was excited
by a 488 nm CW Ar-ion laser and the PL image was acquired by an
EMCCD (Princeton Instruments, Photonmax 512B) camera. One

Figure 2. (a) Exemplary 2D POLIM images of the same position on the fresh (left column) and degraded (right column) PBDT-TPD film
prepared on the glass substrate, spatial resolution is about 1 μm. The images in 2D POLIM contrasts are emission modulation depth Mem (A,B),
modulation phase of emission θem (C,D), fluorescence intensity (E,F), and energy transfer efficiency (G,H). The size of the six images is 50 μm ×
50 μm. (b) Zoom-in of the area marked in image a(B). Two positions are marked in this region: Pos1 (blue rectangular, high Mem) and Pos2
(green rectangular, low Mem). (c) Evolution of Mem averaged over the area of Pos1 (blue curve with triangle marks), Pos2 (green curve with
diamond marks), and of the whole sample area shown in (a) (black curve with round marks) during the photodegradation. (d) Time evolution of ε
averaged over the whole area of the sample shown in (a) during photodegradation (black curve with round marks).
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pixel of the camera corresponds to a square of 260 nm × 260 nm at
the sample plane. The practical resolution of our imaging system was
about 1 μm (4 pixels) in the 700 nm emission region. 24
luminescence images were acquired for different combinations of
the angles φex and φem, so that we can obtain one full polarization
portrait I(φex, φem) for each pixel on the PL image, where I is the PL
intensity.
Polarization portraits are used to characterize the sample’s internal

chromophore geometry and the EET between chromophores.28,39−41

In brief, the integrals of the polarization portrait over the excitation or
emission angles have the functional form: I0[1 + M(cos(2[φ − θ]))],
where I0 is the averaged PL intensity and M is either the modulation
depths in excitation, Mex (2D plot integrated over φem) or emission,
Mem (2D plot integrated over φex). The modulation depths are the
widely used parameters to describe the degree of alignment of
transition dipole moments.42 They range from 0 to 1 for isotropic to
fully oriented systems, respectively. The polarization phases in
excitation (θex) and emission (θem) represent the main orientation
axes of the absorbing and emissive dipoles. It is worthy to mention
that the definition of phases is meaningless if M is close to zero. In our
experiments, we consider the value of phase to be reliable when M >
0.06. The differences betweenMex andMem, as well as between θex and
θem, are the indications of EET. Furthermore, the analysis of the full
polarization portrait based on single funnel approximation provides a
unique parameter, called energy funnelling efficiency (ε),43 This
parameter quantifies the EET on the scale from 0 to 1, which
corresponds to the situation ranging from independent chromophores
(no EET), to the one of the complete energy funnelling to a single
emitting site or an EET emitter. More about the energy funnelling
efficiency parameter and its advantages over traditional fluorescence
anisotropy can be found elsewhere.42−44 The parameters I0, Mex, Mem,
θex, θem, and ε, measured in each pixel, give us images of the sample in
the 2D POLIM contrasts as illustrated in Figure 1b. Because of the
light diffraction limit, the spatial resolution of our imaging system is
about 1 μm. Therefore, all the above parameters are actually averaged
over a 1 × 1 μm2 area and the thickness of the film (100−200 nm).
More details about the data analysis of 2D POLIM measurement can
be found in Section S1 of the Supporting Information.
The PL spectra were obtained for the same positions in the films

investigated by 2D POLIM using the same excitation laser (488 nm).
For that the required region of the sample was selected by a vertical
slit placed in the first image plane. A transmission diffraction grating
was placed before the camera chip to give the image of the sample
region in the zero diffraction order and the corresponding spectrum in
the first diffraction order. Local absorption spectra were calculated
from transmission spectra measured in the same microscope setup
described above, using a white light source (Olympus, U-LH100-3)
instead of a laser, as described in more details elsewhere.45 PL decay
kinetics were measured using the 485 nm-pulsed diode laser operated
at 20 MHz (PicoQuant GmbH, PDL 828), the time-correlated single-
photon counting unit (PicoQuant GmbH, PicoHarp 300), and the

avalanche photodiode (Micro Photon Devices, PDM series). The
instrumental response function (Figure 3b) was 190 ps.

■ RESULTS

We obtained a series of images with 2D POLIM contrasts of
the very same region of the sample before and after
photodegradation, shown in Figure 2a, left column, and Figure
2a, right column, respectively. Figures 2a and 3a show that the
PL intensity decreases drastically upon illumination of the
sample under ambient conditions by 10 W/cm2 power density
at 488 nm for 10 min, while the absorption of the film
practically did not change.
The 2D POLIM was running every 2 min to obtain the data

shown in Figure 2c,d, where the average values of the
modulation depths and energy transfer efficiency (ε) are
presented as a function of the degrading time. To avoid
degradation during the 2D POLIM measurement, which lasted
1.5 min, the sample was temporarily placed in nitrogen
atmosphere and the laser power was reduced to 0.01 W/cm2.
The emission modulation depth, reflecting the degree of

alignment of the transition dipole moments (averaged over the
microscope spatial resolution), increased in average over the
whole image shown in Figure 2 approximately two times upon
photodegradation. However, Mem increased to a different
extent at different spatial locations (Figure 2b,c, compares
Pos1 and Pos2) leading to a clear microscale pattern (spatial
inhomogeneity) to appear in the Mem image of the degraded
film [Figure 2a(B)]. Note that there is no obvious change in
phase images apart from becoming sharper and clearer [Figure
2a(C,D)], which means that the microstructure was present
already in the fresh film and becomes just more visible after
photodegradation. A similar effect can also be observed in the
films of different thickness, of which the thickest film tested
was around 200 nm.
In order to check if the induced degradation led to a change

in the film structure, the film surface was imaged by atomic
force microscopy (AFM) before and after degradation. The
BDT unit (benzo[1,2-b:4,5-b′]dithiophene) of the polymer
backbone has good π−π stacking properties because of its
large, rigid, and coplanar structure,46 so, as expected, the
freshly spin-cast PBDT-TPD film appears smooth and
homogeneous with very little surface roughness as shown by
AFM imaging (Figure S2a) and homogeneous PL [Figure
2a(E,F)]. We also measured C 1s, O 1s, N 1s, and S 2p X-ray
photoelectron spectroscopy (XPS) spectra of the nondegraded
and degraded film, to verify whether the exposure to light in an

Figure 3. (a) The PL and absorption spectra of isolated chains in diluted chloroform solution (grey dashed line) in comparison to those of the
spin-cast film on a glass substrate (solid thick lines, bluenondegraded film, orangeafter 10 min of degradation). Absorption and PL spectra of
the solution are normalized. PL spectra of the film were recorded every 2 min during photodegradation. These spectra are plotted in units of the
maximum PL intensity of the fresh film. The red dashed line shows the red shift of the PL spectral maximum. Absorption spectra of the film before
and after degradation are plotted in units of the maximum optical density of the fresh film. (b) The PL decay kinetics measured from the same
positions as the PL spectra showed in (a): solid blue linebefore degradation, solid orange lineafter degradation. The grey line is the instrument
response function.
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ambient atmosphere caused any substantial chemical mod-
ification of the film surface. No detectable changes in the film
were observed upon degradation (Figure S3).
However, the PL spectra (Figure 3a) for the fresh (0 min)

and degraded (10 min of degradation) sample are very
different. Besides 6.7 times lower intensity, the spectrum red-
shifted from 664 to 704 nm. The time evolution of the PL
spectrum during degradation can be found in the Supporting
Information (Figure S4). Contrary to the PL spectrum, the
change in the absorption spectrum was small (Figure 3a). We
point out, however, the visible suppression of the 0−0
absorption transition relative to 0−1 transition upon photo-
degradation.
We also found that the extent of polarization modulation of

the fresh sample is somehow dependent on the substrate the
film was prepared on. Figure S6 shows the situation for the film
prepared on a silicon substrate. Substantial polarization was
observed already in the fresh film while the PL spectrum was
identical to the spectrum for the film on glass. After
degradation the modulation increases, the spectrum red-shifted
in the same way as on glass. Therefore, we conclude that
qualitatively the same behavior was observed for the films on
the silicon substrate besides a higher PL polarization degree.

■ DISCUSSIONS
Our results show that the almost 10 times decrease of the PL
intensity and the substantial change of the PL spectrum must
be caused by a mechanism which is accompanied by only a
very small change of the absorption spectrum and practically
undetectable changes of morphology and chemical composi-
tion as revealed by AFM and PL imaging and XPS. A feasible
mechanism is a formation of PL quenching sites at very low
concentration, which, however, is able to quench almost all the
PL because of an efficient exciton diffusion (energy transfer)
over tens of nanometers in CPs.47,48

The homogeneous film morphology also indicates that the
pattern in the Mem image and the emission phase image
[Figure 2a(C,E,F)] do not come from the large morphological
defects of the film forming during spin-casting. These
structures must be microscale-oriented domains in the
otherwise very smooth film that are visible only in polarization
microscopy. These domains are somehow hidden in the fresh
sample on glass [Figure 2a(A)] but show up clearly [Figure
2a(B)] after the PL yield is decreased by photodegradation.
How can we explain the better visibility of the oriented

domains in Mem images in degraded samples? We can see two
possibilities: (i) the oriented polymer domains become
somehow more oriented (emit more polarized light) in spite
of lower PL yield because of degradation or (ii) contribution of
the PL of highly oriented domains to the total PL increases
upon degradation of the film. In the latter case the PL of the
less oriented phase should be quenched more than that of the
more oriented phase upon photodegradation and by this the
most oriented phase becomes more visible. We do not see any
obvious mechanism for the first situation. Also it seems to
contradict the strong change in the shape of the PL spectrum
upon degradation. The second situation, however, is feasible as
will be shown below. Therefore, we propose that the polymer
film locally is a mixture of two phases which we call Phase 1
(less oriented, less photostable) and Phase 2 (more oriented,
more photostable). Both phases possess some degree of
anisotropy characterized by modulation depth M1 and M2 (M2
> M1) and the same orientation direction.

First of all, let us see if the two-phase model can account for
the observed experimental data. Let us assume that the more
oriented Phase 2 possesses a red-shifted PL spectrum with the
maximum around 700 nm in comparison with the less oriented
Phase 1 whose PL spectrum is peaking at 670 nm. Then if the
PL of Phase 2 is more stable than the PL of Phase 1, after
degradation we will see mostly phase 2 reproducing the red
shift of the spectrum.
Assuming that the total emission intensity is the sum of the

emission intensities of Phase 1 (PL1) and phase 2 (PL2),
respectively, let us find possible combinations of modulation
depths (M1, M2) and the contributions of the both phases (β1,
β2) to the PL which do not contradict to the experimental data.
These combinations should fit the substantial PL spectra
change and the increasing of the overall modulation depth
(Mem) upon photodegradation. From the considerations
shown below, we will see that such combinations (M1, M2,
β1, and β2) can be found.
We derived in Section S6 of the Supporting Information the

equation which allows calculating the modulation depth (Mem)
of a film consisted of two phases

β β= +M M Mem 1 1 2 2 (1)

where M1 and M2 are the modulation depths of Phase 1 and
Phase 2, and β1 and β2 are the contributions of each phase to
the total PL defined as

β =
+

PL
PL PL1

1

1 2 (2)

β =
+

PL
PL PL2

2

1 2 (3)

β β+ = 11 2 (4)

Using eq 4, we can rewrite eq 1 and show thatMem is linearly
dependent on the PL relative contribution β2 from Phase 2

β= − +M M M M( )em 2 1 2 1 (5)

We would like to use this equation to determine the
modulation depth M1 and M2 of the pure phases. For that we
need to know the total modulation depth Mem and β2 for the
initial and degraded sample. For the film on glass we knowMem
from 2D POLIM (0.07 initially and 0.14 after degradation). To
estimate the relative contributions of each phase to the total
PL we measured the time evolution of the PL intensity for the
film on glass and successfully fitted it with a double exponential
decay (Figure 4b). Assuming that the PL of each phase
degrades exponentially over time, we assign the fast exponent
to PL1 and the slow one to PL2. This fit allows us to estimate
β1(initial) = 0.71, β2(initial) = 0.29 and after degradation
β1(final) = 0, β2(final) = 1. Thus, we obtain coordinates of the
two points shown by red dots in Figure 4a. The line passing
through these points is then the linear function according to eq
5. The intercepts of the line with the vertical axes give us the
modulation depths of the pure phases M1 = Mem(0) = 0.05 and
M2 = Mem(1) = 0.14 for the film on glass.
For the film on the silicon substrate (Figure 4a, Silicon) we

measured only the initial and final PL intensity. That is why we
cannot apply the analysis of the time-dependent PL presented
in Figure 4b. However, based on all the available experimental
data, we are still able to define quite narrow limits for the
possible values of β2, namely, 0.125 < β2(initial) < 0.65 and
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β2(final) ≈ 1, see the Supporting Information for details.
Therefore, for the film on the silicon substrate, M1 should be
between 0.17 and 0.3, and M2 ≈ 0.4 as shown in Figure 4a
(silicon). (More details in Section S7, Supporting Information)
From the 2D POLIM images and calculated M1 and M2 we

see that the polymer chains have better alignment on the
silicon compared to the glass substrate. Most probably this is
because the surface energy of silicon is lower than that of glass.
Indeed, it has been demonstrated that films coated on the
lower surface energy substrate have longer time for chain
reorientation in solution flow resulting in a higher degree of
crystallinity and alignment.49

Now, when we have shown that the two-phase model is
feasible, let us go back to the question why Phase 1 (less
oriented phase having a normal PL spectrum) degrades much
faster than Phase 2 (red-shifted PL spectrum). What is the
physical mechanism behind that? Here we have reached the
point where the nature of the polymer aggregates and the
Förster resonance energy transfer (FRET) in the film (Figure
2d) needs to be discussed.
For the highly oriented phase (Phase 2) possessing distinctly

polarized PL, neighboring polymer chains must be aligned in a
parallel fashion as illustrated in Figure 6. Parallel arrangement
of the chains creates favorable conditions for interaction
between them (dipole−dipole long range interaction, or π−π
stacking at a shorter range) resulting in the formation of
collective Frenkel excitons (H-/J-aggregates)50 or even
interchain species (excimers, exciplexes, and charge transfer
excitons).51 Compared to the loosely packed individual chains,
such aggregates possess red-shifted PL spectra, which fits with
the red-shifted PL spectra observed experimentally for Phase 2
in our films.

The optical and electronic properties of CP films are highly
related to the energy transfer,52−54 which can be assessed by
fluorescence anisotropy55,56 (in isotropically absorbing sam-
ples) and by the energy funnelling parameter42−44 in oriented
samples like those studied here. In general, EET by the Förster
mechanism depends on the overlap between the emission
spectrum of the energy donor and the absorption spectrum of
the energy acceptor.57 For homo FRET (FRET between
similar chromophores), the larger the Stokes shift, the smaller
is the FRET efficiency expected. Our experimental data is not
enough to unambiguously tell the type of aggregates Phase 2
contains because both the interchain species (excimer,
exciplexes, and charge transfer excitons) and Frenkel excitons
formed in weakly coupled H- or J-aggregates are expected to
show red-shifted PL spectra.

Figure 4. (a) Modulation depth in emission Mem(β2) where β2 is the
relative contribution of Phase 2 to the total PL, shown for the film on
glass and silicon substrates. Mem(0) = M1 is the modulation depth of
pure Phase 1 (blue ellipse) and Mem(1) = M2 is the modulation depth
of pure Phase 2 (orange ellipse). The red points for the film on glass
show the experimentally determined coordinates (M, β2) (β2, M)
from 2D POLIM measurements (M) and from the fitting of the PL
intensity degradation kinetics shown in (b), see text for details. For
the film on silicon we give the range of possible linear dependences
depicted by the filled triangle.

Figure 5. Because of the increase of Stokes shift, FRET efficiency of
the donor−acceptor pairs decreases from (a−d). Cartoons showing
absorption and PL spectra of (a) isolated chains, (b) isolated chains
and H-aggregates, (c) H-aggregates and isolated chains, (d) H-
aggregates. The species whose PL spectrum is shown works as an
energy donor for the species whose absorption spectrum is shown (an
energy acceptor). (e) Simplified energy level diagrams of an isolated
chromophore (left) and an ideal H-aggregate with weak coupling
(right), 0, 1, and 2 are vibrational levels of the ground (bottom) and
excited (top) electronic state. In the diagram for the H-aggregate, blue
levels are k = 0 excitons, and red levels are k = π excitons. 0−0
transition in the emission of the H-aggregate is entirely absent
because of the selection rules, while the other vibronic transitions are
allowed.50
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Note that the emission of interchain species is not always
easy to detect because of low transition dipole moment.51

However, in our case, we still see a quite strong emission of
Phase 2 (more oriented phase), and the PL lifetime of Phase 1
(less oriented phase) and Phase 2 are quite similar (Figure 3b).
In addition, interchain species are expected to have a lower
polarization degree.58 Thus, interchain species are not likely
what we observed. However, formation of weakly coupled H-
aggregates looks feasible as will be discussed below.
The collective Frenkel excitons can be classified into J- and

H- type depending on whether the transition dipole moments
of the aggregated molecules are oriented in the head-to-tail
fashion (J-aggregation) or parallel fashion (H-aggregation).59

Parallel chain orientation in closed-packed regions creates ideal
conditions for the formation of H-aggregates in CPs.8,50 For an
ideal weakly coupled H-aggregate (V ≪ vibronic frequency),
0−0 in the absorption peak is attenuated relative to the 0−1
peak because of interband mixing between the bands with
various numbers of vibrational quanta60 while in luminescence
0−0 transition becomes totally forbidden because of symmetry
reasons (Figure 5e), and therefore, 0−1 transition appears as
the strongest band in the spectra, comparing Figure 5a,c. In
reality, the disorder makes 0−0 transition still possible and the
effect of weak H-aggregation appears as a redistribution of the
transition strength between the vibronic levels in comparison
to that of the monomer (isolated chain). Thus, the suppression
of 0−0 transition in the absorption spectra together with the
red shift of the PL spectrum are strong indicators that the
oriented domains in Phase 2 are weakly coupled H-aggregates.
Moreover, redistribution of the oscillator strength between

the vibronic bands in a weakly coupled H-aggregate can
explain why the energy transfer is poor in Phase 2. Let us
consider FRET efficiency for the film containing Phase 1
(loosely packed individual chains) and Phase 2 (H-aggregates).
Different situations are shown in Figure 5a−d. If we judge the

FRET efficiency only by the spectral overlap between the
emission of the donor and absorption of the acceptor, the
highest efficiency of EET is expected for the case of FRET
between individual chains. Because of much larger Stokes shift,
EET from individual chains to aggregates should be smaller,
while EET from aggregates to aggregates is probably not
possible at all in the framework of the classical FRET
mechanism. Therefore, the energy transfer efficiency within
Phase 1 (loosely packed individual chains) must be much
larger than that within Phase 2 (H-aggregates).
Photodegradation destroys and converts the emitting sites to

luminescence quenchers leading to the suppression of the
overall PL intensity. Because of efficient energy transfer within
Phase 1, one quencher can quench a large volume of the film
(hundreds of cubic nanometers). Therefore, the suppression of
the emission of Phase 1 is very strong (Figure 6c). Because the
energy transfer in CPs occurs at a time scale of picoseconds,47

we are not able to see any changes in the PL decay upon
quenching (Figure 3) due to limited time resolution and the
process appears as static quenching.61 However, if a quencher
is formed in Phase 2 (H-aggregates) it does not influence
substantially the PL of other aggregates and Phase 1 because
they do not “feel” its presence because of the poor mutual
energy transfer. Thus, the PL of Phase 2-containing aggregates
is much less sensitive to the photodegradation in comparison
with the Phase 1-containing loosely packed individual chains.
This explains how photodegradation makes visible the
aggregates which initially are hardly visible in the freshly
prepared spin-cast film (Figure 6c).
The discussion above allows us to propose the view on the

polymer organization and energy transfer in the film as
schematically illustrated in Figure 6. The semicrystalline CP
PBDT-TPD has a predominant global orientation at the
micrometer scale (Figure 6a). Within these oriented “molds”/
domains, there are large amounts of individual segments

Figure 6. (a) Proposed local organization of the film which gives polarized PL (Pos1, high Mem) and unpolarized PL (Pos2, low Mem) when
observed with our spatial resolution. These cartoons illustrate the domain organization in Pos1 and Pos2 marked in Figure 2b. (b) Proposed
microscopic organization of one domain. Yellow long lines show polymer chains which do not have strong interaction between chain segments, but,
still follow the predominant global orientation axis (Phase 1). Excitons are localized on individual segments in this phase, and energy transfer is very
efficient between the individual segments there (Figure 5a). The red double lines show parallel segments having substantial excitonic interaction
forming H-aggregates. The exciton states H-aggregates are weakly coupled excited states of the individual segments. The emission of H-aggregate is
red-shifted (Figure 5e). (c) PL spectra of fresh and photodegraded films. PL of the fresh film is the sum of the PL of individual segments (Phase 1)
and the PL of H-aggregates (Phase 2). The degraded film emits red-shifted PL (emission of H-aggregates) because the PL of individual segments is
quenched because of efficient FRET to the photogenerated quenchers (black dots) formed in the nonaggregated phase.
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(Figure 6b, yellow long lines) possessing blue PL spectra
(normal spectra), and a small amount of H-aggregates (Figure
6b, red short lines) possessing red-shifted PL spectra.
Photodegradation of the polymer film first of all affects the
material where the excitations spend most of the time, that is,
in the low-energy emitting sites where the excitations are
collected because of energy transfer. The emitting sites are
mostly located among isolated individual segments because of
poor energy transfer to H-aggregates. Thus, photodegradation
generates more luminescence quenchers (Figure 6c, black
dots) within the area of individual segments rather than in H-
aggregates and also the efficiency of one quencher in the
dominant phase of the individual segments is higher because of
more efficient energy transfer. Consequently, the suppression
of the PL intensity of individual segments is much stronger
than for H-aggregates, which makes H-aggregates more visible
in the degraded film.
Let us come back to the observed inhomogeneity of the

polarization contrasts of the degraded film. In order to explain
why different areas possess a different increase of Mem (Figure
2) we need to realize that initially Mem is low not only because
of dominant contribution of Phase 1, but also due to the
ensemble averaging over the spatial resolution of the
microscope. In the degraded film, a region can possess high
Mem only if most of the original oriented “molds”/domains had
a similar global orientation (see Pos1, Figure 6a). On the
contrary, regions consisting of small oriented domains with
different orientations possess lower Mem due to the spatial
averaging (see Pos2, Figure 6a). Then removing of the weakly
oriented Phase 1 does not help to get high polarization in
regions like Pos2 because of ensemble averaging. Note that
such structures one can see only in the Mem image [Figure
2a(B)] but not in the PL intensity image (Figure S5).
We did two more preliminary experimental tests (Sections

S8 and S9, Supporting Information) which in general agree
with our view on the polymer film illustrated in Figure 6 and
also show possible further directions of this study. We found
that thermal annealing neither changes the visible polarization
structure of the film, nor its PL spectrum. This is because the
film contains a high concentration of tightly aggregated chains
which cannot be simply melted by elevating the temperature.
However, solvent vapor annealing (SVA) over a long time
changed the morphology dramatically. Given time, the
polymer chains under SVA become more oriented forming
very large oriented domains. SVA treatment results in more H-
aggregates formed and to the red-shifted PL spectrum of the
whole film even without any degradation imposed.

■ CONCLUSIONS
We demonstrated that partial photodegradation of CP films
can help reveal the internal organization of the material on the
micro and macro levels. It tuned out that depending on the
local peculiarities of electronic and vibrational transitions and
energy transfer, the resistance of the polymer luminescence to
photodegradation-induced quenching can be very different. It
gave us a tool for visualization of hidden morphological
structures of H-aggregate character by polarization lumines-
cence microscopy. We found that the long-range order in
terms of a predominant chain orientation can occur even on
the micrometer scale in polymer films, which are usually
considered isotropic. This diversity of structural organization
in nominally uniform materials are expected to affect charge
transport and charge photogeneration which is relevant for

understanding and improving of polymer-based organic
photovoltaic devices.
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