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ABSTRACT: In an endeavor to correlate the optoelectronic properties
of -conjugated polymers with their structural properties, we investigated
the aggregation of P3HT in THF solution within a temperature range
from 300 to 5 K. By detailed steady-state, site-selective, and time-resolved
fluorescence spectroscopy combined with Franck—Condon analyses, we
show that below a certain transition temperature (265 K) aggregates are
formed that prevail in different polymorphs. At 5 K, we can
spectroscopically identify two H-type aggregates with planar polymer
backbones yet different degree of order regarding their side chains. Upon
heating, the H-character of the aggregates becomes gradually eroded,
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until just below the transition temperature the prevailing “aggregate”

structure is that of still phase-separated, yet disordered main and side chains. These conclusions are derived by analyzing the
vibrational structure of the spectra and from comparing the solution spectra with those obtained from thin films that were cooled
slowly from the melting temperature to room temperature and that had been analyzed previously by various X-ray techniques. In
addition, site selectively recorded fluorescence spectra show that there is—dependent on temperature—energy transfer from
higher energy to lower energy aggregates. This suggests that they must form clusters with dimensions of the exciton diffusion

length, i.e., several nanometers in diameter.

1. INTRODUCTION

A characteristic feature of organic solids is that electronic
coupling among the constituting elements is weak yet it
controls their optoelectronic properties. Deliberate or uninten-
tional modification of the morphology has therefore a
significant impact on the electronic properties such as the
transport of charge carriers and the dissociation of excitations,
ie, excitons.'™* Currently there is strong endeavor toward
understanding and controlling the relation between film
morphology and electronic structure in devices such as solar
cells and field effect transistors, using conjugated polymers as
active elements, with a view to improve their performance.™®
Even though, understanding the formation of self-assembled
structures in rigid or semirigid conjugated polymers which are
typically processed out of solution is still less studied, especially
compared to the large body of work established for flexible,
nonconjugated polymers.

A material that emerged as a workhorse, notably in field of
organic photovoltaics,” ' is regioregular poly(3-hexylthio-
phene) (P3HT). Since the discovery that in regioregular
P3HT the charge carrier mobility measured in the field effect
transistor configuration is much higher than in regiorandom
P3HT,"”™" much effort is currently spent on the under-
standing and improvement of structural order on P3HT.
Depending on solvent, temperature, molecular weight, and
sample preparation, it can exist in an amorphous phase with
coiled chain conformations or in an aggregated phase
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containing planarized chains with some propensity to form
semicrystalline domains.'’ These aggregates can be of an H-
type or of a J-type nature, depending on the strength of
interchain to intrachain coupling. The transition from one
coupling regime to the other—reported in particular for P3HT
nanofibers—depends sensitively to molecular weight and
regioregularity of the sample.”>™'® Tt is also well established
that P3HT can adopt different morphologies; ie., it is
polymorph.'*~>* In different morphologies, the separation
and orientation of the polymer segments are different with the
consequence that the electronic properties depend on the
morphology.**

It is important to realize that, while being a workhorse,
P3HT is not a singular case but rather a model for other
technologically useful conjugated polymers. All of them have
more or less stiff backbones and are therefore prone to adopt
semicrystalline morphologies. For example, the poly(p-phenyl-
ene) derivative MEH-PPV has been shown to undergo a similar
disorder—order phase transition upon cooling a solution similar
P3HT, and the polyfluorene derivative PFO is well-known for
adopting an amorphous phase or an ordered f-phase.*®

In structural studies including various techniques of X-ray
diffraction and microscopy, different polymorphs of P3HT-
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Figure 1. Absorption (a) as well as fluorescence spectra (b) of P3HT in THF solution for different temperatures. Spectra that belong to the three
inherent temperature ranges described in the text are indicated with different lines (dashed, dotted, and straight). Emission spectra were corrected
for the relative changes in absorption at 3.06 eV (being the excitation energy for all fluorescence spectra).

aggregates have been identified. For example, the work of Prosa
et al. and Mena-Osteritz et al. identified H-aggregates with
interdigitated side chains that form on graphite surfaces or, to a
small amount, under certain spin-casting conditions.””** They
can also be prepared by self-seeding approaches.”” This
polymorph of P3HT is frequently referred to as “form
II”.227 More common, however, are H-aggregates with

27,30—32
’ also

noninterdigitating, noncrystalline side chains,
known as “form 1">**” They form in a layer structure of
separated main and side chains, where the main chains may
adopt either a liquid, smectic-like packing, or a regular,
crystalline packing. While the latter is thermodynamically
more stable, its formation is frequently kinetically hindered.

These structural techniques provide valuable insight into the
existing polymer morphologies and their formation processes.
They can, however, be too elaborate or time-consuming to be
applied routinely to the characterization of films that are to be
used in device structures. A comparatively fast and simple
approach to identify the presence of different H-aggregates in
films (or solutions) is to measure their fluorescence spectra, yet
this method requires that the spectral signatures of different
polymorphs be known.

Here, we have studied the formation of H-aggregates in
solution of tetrahydrofuran (THF) upon continuous cooling
from room temperature to 5 K with the aim to identify the
evolution of their spectral signatures. We find that the spectral
shape of the H-aggregate emission evolves continuously. From
the first appearance of aggregate emission at 265 K, the
spectrum changes from a vibrational structure that essentially
matches that of a nonaggregated chain to one with a strongly
suppressed 0—0 transition peak at 160 K and below.
Importantly, closer inspection identifies emission from two
distinct, coexisting polymorphs. Notably, these two polymorphs
are not the “form I” and “form II” mentioned in the literature
(ref 19). Rather, they are two variants of “form I”. Thus, the
fluorescence features are assigned to H-aggregates in a layer
structure of separated main and side chains. In both
polymorphs, the main chain is crystalline and the side chains
are noninterdigitated. Higher energy emission results for a
polymorph with disordered side chains while lower energy
emission is observed for a polymorph with crystalline (and still
noninterdigitated) side chains. Emission from both polymorphs
is also observed and assigned to in neat thin films, which is the
form in which P3HT is used in optoelectronic devices.
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2. EXPERIMENTAL SECTION

2.1. Sample Preparation. For our studies, we used P3HT
synthesized by a modified Grignard metathesis reaction method as
described elsewhere.*® Because of this synthetic method, the sample
has a very narrow molar mass distribution and thus a very low
dispersity index (D = 1.16). The number-average molecular weight
(M, = 18 600 g/mL) and the weight-average molecular weight (M,, =
21600 g/mL) were measured by gel permeations chromatography
(GPC) in tetrahydrofuran (THF) with polystyrene as a calibration
standard. The number of repeating units was determined to 74 + 2 by
MALDI-TOF measurements. The sample thus contains exactly one
tail-to-tail defect that is distributed along the entire chain.** For all
solution measurements, we dissolved the polymer in THF at a
concentration of 0.2 mg/mL. To ensure that all of the polymer chains
are completely dissolved, the solution was heated to 40—S0 °C and
stirred for about 30 min, so that no macroscopic particles could be
observed any more. For the measurements, the solution was filled in a
1 mm cuvette that could be sealed and inserted into a cryostat.

To carry out measurements on thin films, two films of P3HT were
spin-coated with 2000 rpm for 60 s from 10 mg/mL THF solution
onto silicon wafers covered with a natural oxide layer in nitrogen
atmosphere. One film was heated subsequently in nitrogen
atmosphere to 250 °C, i.e, above the melting temperature of P3HT
at 230 °C,*® and cooled slowly to room temperature at a rate of 1 K/
min using a programmable heating plate (Model HP60 from Torrey
Pines Scientific Inc.). In contrast to that, the other film was used
without any further treatments after spin-coating.

2.2. Steady-State Absorption and Emission Measurements.
To measure steady-state absorption as well as emission spectra for
different temperatures, we used a home-built setup that allows us to
record absorption and fluorescence spectra at the same sample spot
immediately after each other for each temperature step. In brief, the
sample (a 1 mm cuvette with solution or a film) was placed in an
Oxford Instruments cryostat. Sample heating or cooling was done in a
stepwise fashion with a rate of about 2 K/min and an equilibration
time of 30 min before taking the measurement. For absorption
measurements, the light from a xenon lamp was dispersed through a
first monochromator M1, transmitted through the sample, dispersed
through a second monochromator M2, and eventually recorded by a
silicium diode connected to a lock-in amplifier.

For emission measurements a flip mirror switched the incident light
to a diode laser with excitation wavelength 405 nm. The laser beam
was incident onto the sample at an angle of about 60° to the normal.
The resulting fluorescence was dispersed through the monochromator
M2 and recorded by the silicium diode connected to the lock-in
amplifier. The spectra were corrected for the transmission of the setup.
A more detailed description of the setup can be found elsewhere.*®

To measure the emission in a site selective fashion, we replaced the
diode laser by a pulsed Nd:YAG laser with a pulse width of 7 ns.
Tunable excitation was obtained by converting the 355 nm pulse by an
optical parametric oscillator from GWU that covers a continuous
spectral range from 410 to 710 nm. The resulting emission was then
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recorded using a glass fiber connected to a spectrograph (Oriel
MS125) with an attached CCD camera (Andor iDus DU420).

2.3. Time-Resolved Emission Measurements. Time-dependent
emission spectra were recorded using a streak camera setup, with the
sample held again in a cryostat from Oxford Instruments. Light from a
80 MHz pulsed Chameleon II laser from Coherent was frequency
doubled by a second-harmonics generator to provide an excitation
energy of 3 eV. The emitted light was diffracted through an Acton SP-
2300i spectrograph and eventually recorded by an Optronis SC-10
streak camera combined with a TSU12-10 deflection unit and a SRU-
BA detection unit.

3. RESULTS

3.1. Temperature Dependence of the Aggregate
Emission. For a detailed spectroscopic investigation of the
P3HT electronic structure in the aggregated phase, we
measured absorption as well as emission spectra in THF
solution within the temperature range from 300 K down to the
melting point of THF (Figure 1), which is at about 160 K. As
discussed in detail in previous work,>®> P3HT undergoes a
disorder—order transition upon cooling. In the spectra shown
in Figure 1, three regimes can be discerned. In the temperature
range from 300 to 270 K, ie, above the phase transition
temperature, the absorption spectra are broad and structureless,
indicating that the chains are disordered.'**” The bath-
ochromic shift by 40 meV of the maxima and the increase in
intensity of about 7% that is observed upon cooling from 300
to 270 K indicate an increased conjugation length that suggests
a swelling-up process of the chain backbone. This red-shift and
intensity increase are also reflected in the associated
fluorescence spectra, which are overall more structured,
featuring a S, — S, 0—0 emission peak at 2.15 eV and a
vibrational satellite at about 2.0 eV. When lowering the
temperature from 265 to 250 K, a vibrationally resolved
absorption spectrum appears with a S§; < S, 0—0 feature at 2.0
eV. The spectra at different temperatures feature an isosbestic
point at 2.53 eV. This is the signature of the occurrence of a
phase transition from the disordered to a more ordered
phase.’® The associated changes in the fluorescence spectra
have been attributed to the emergence of an additional
emission feature with a 0—0 peak at 1.90 eV that overlaps
with the 0—1 emission feature of the disordered phase and that
grows in relative intensity at the expense of the emission from
the disordered phase upon cooling to 250 K. This additional
emission has been assigned to the fluorescence of the ordered
phase. Upon subsequent cooling in the temperature range
below the phase transition, ie., from 240 to 160 K, the 0—0
absorption peak of the ordered phase shifts toward lower
energies and becomes more intense, while the 0—0 emission
peak of the ordered phase appears to reduce in intensity. Both
absorption and emission spectra feature a very similar
bathocromic shift.

The analysis and interpretation of the development evident
in the spectral part attributed to the aggregated phase require a
deconvolution of the emission from disordered and ordered
phases. The procedure is illustrated in Figure 2. We consider
that the fluorescence spectrum well above the phase transition
temperature, e.g. at 280 K, contains only emission from the
disordered phase. To confirm this, Figure 2a illustrates that the
280 K fluorescence spectrum can be modeled satisfactorily in
terms of a Franck—Condon progression.*® This implies that the
energy dependence of the photoluminescence P(Aiw),
normalized to the cube of the refractive index n (assumed to
be constant within the investigated spectral range), to the cube
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Figure 2. Illustration of isolating the fluorescence spectra of the
aggregate phase at selected temperatures. (a) The 280 K fluorescence
of the amorphous phase (black squares) is modeled by a Franck—
Condon analysis (blue solid line) using an effective mode (green
dashed line). (b, c) The 280 K spectrum (blue) is scaled to the high-
energy tail of the 265 and 230 K emission spectra (black squares). The
difference between the two spectra (red) is assigned to emission from

the aggregated phase.

of the photon energy 7w and to the intensity of the 0—0
vibrational peak I,_, is given by
P(hw)
"3(hw)3lo—o

~ ) S—Fé[hw — (E, — mE,)]

m! (1)
where S = 1.1 is the Huang—Rhys factor of an effective
vibrational mode with energy Eq = 0.175 eV,* I is the Gaussian
line width function with the standard deviation o, and E,
denotes the energy of the 0—0 transition. Once the phase
transition sets in, i.e., for temperatures below 265 K, the spectra
cannot be modeled as progressions from one emitting state. As
mentioned above, we consider the spectra to result from the
superposition of emission from the disordered and ordered,
aggregated phase. To isolate the emission from the aggregated
phase, the 280 K emission spectrum is scaled to the high-energy
side of the actual emission spectra between 265 and 160 K
(here changes in E; and o were allowed to account for the
temperature dependency of these two parameters; see Figure
S1 in the Supporting Information) and subtracted. The
remaining emission is attributed to the aggregate phase (Figure

2b,c).

m=0
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Figure 3. (a) Fluorescence spectra of aggregated P3HT in the temperature range from 265 to 160 K where the polymer chains are in fluid solution.
The spectra are normalized to the intensity of the S, — S, 0—1 feature. (b) Temperature dependence of the ratio of the 0—0/0—1 features of the S,
— S, transition in the same range. (c) Fluorescence spectra of aggregated P3HT recorded at temperatures between 160 and S K, where THF is
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Figure 4. (a) Modified Franck—Condon analysis according to eq 2 (green solid line) of the fluorescence spectra (black squares) of P3HT aggregates
at 240, 160, and S K using a single vibronic progression (green dotted line). (b) The same as in (a) but using a superposition of a higher energy
progression (HEP) (blue solid line) and a lower energy progression (LEP) (red solid line).
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Figure 3a shows the normalized spectra of aggregate
emission in the temperature range of 265—160 K. Note the
change in abscissa scale between Figures 2 and 3. The spectra
show a pronounced 0—0 feature at 1.9 eV, which shifts to 1.77
eV while decreasing the temperature down to 160 K.
Remarkably, the ratio of the 0—0/0—1 vibrational peak
intensities decreases continuously from about 1.2 at 265 K to
0.3 at 160 K (Figure 3b). Additional emission spectra were also
measured for the temperature range between 160 and 5 K
(Figure 3c). Since below 160 K THF is in a crystalline phase,*®
the spectra correspond to P3HT chains embedded in a rigid
THF matrix. This preludes major conformal changes.
Accordingly, there is only a minor bathochromic shift when
decreasing the temperature from 150 to S K. In this
temperature range it was not possible to measure absorption
spectra because the THF matrix is opaque.

3.2. Evidence for Two Different Aggregate Phases.
While the deconvolution of the fluorescence spectra described
above is sufficient for an overall assessment of evolution of the
character of the aggregates, it is unable to account for important
details regarding the identification of their structure. For this
reason we carried out a modified (compared to eq 1) Franck—
Condon analysis based upon the approach by Clark et al.*® It
takes into account the decrease of the 0—0 peak intensity in the
fluorescence spectra when the chromophores form H-
aggregates. The fluorescence is then described by

P(hw)
n’(hw)?

x [ha — (E, — mE,)]

~ al(ho — E)) + ), S—’r(s
m=1 m.

@)

The term al'(Aw — E;), in which « is the scaling factor,
accounts for the fact that in a disordered H-aggregate the 0—0
teature of the fluorescence spectrum is suppressed. For a
perfectly ordered H-aggregate, @ would be zero since the 0—0
transition was symmetry-forbidden. The symbols take the same
meaning than for eq 1. The scaling factor a, the energy E, of
the 0—0 transition, and the standard deviation & of the
Gaussian line width were allowed to change with temperature,
while the Huang—Rhys parameter S = 1.1 and the effective
vibrational mode energy E; = 0.175 eV were kept constant.
Figure 4a shows three emission spectra at representative
temperatures. While the spectrum at 240 K can be described
satisfactory by a single progression with one effective
vibrational mode, deviations between the Franck—Condon
analysis and the experimental data appear at 160 K. In
particular, the data show an additional shoulder at 1.9 eV and a
less structured spectral shape that cannot be accommodated
when using one progression. Using additional and/or different
vibrational modes does not help to overcome these deviations
in spectral shape and furthermore cannot be used to explain the
additional observed emission intensity in the range of 1.9 eV,
being higher than the proposed 0—0 energy at 1.8 eV. At 5 K,
the vibrational peaks at 1.62 and 1.45 eV carry additional low-
energy shoulders that cannot be modeled in terms of a single
Franck—Condon progression, even when hypothetically
considering additional/altered vibrational modes.

As an alternative approach, we considered the superposition
of two similar, modified Franck—Condon progressions
according to eq 2, ie., a higher energy progression (HEP)
with a 0—0 transition centered at about 1.9 eV for the 160 K
spectrum and a lower energy progression (LEP) shifted by
about 80 meV to lower energies (see Figure 4b). It turns out
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that the superposition of the HEP and LEP provides an
excellent fit to the experimental spectra in the entire
temperature range, while analyzing the low-temperature spectra
in terms of a single modified Franck—Condon progression was
unsuccessful. Figure 5 shows the relevant spectral parameters.
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Figure S. Fit parameters derived from the modified Franck—Condon
analysis of the fluorescence spectra of P3HT aggregates using two
energetic different progressions (HEP, LEP) as a function of
temperature. (a) Energies of the 0—0 emission, (b) standard deviations
o of the 0—0 feature, and (c) ratio of 0—0 and 0—1 emission. The
dashed vertical line indicates the glass transition temperature of THF.

The 0—0 energy of the LEP (HEP) fluorescence spectrum
shifts from 1.91 eV (1.83 eV) at 240 Kto 1.8 eV (1.72eV) to §
K, while the energy difference between the HEP and the LEP is
temperature independent (Figure Sa). Within the experimental
uncertainty both the Gaussian disorder parameter ¢ and the
ratio of 0—0/0—1 emission peaks are the same for the HEP and
LEP. The disorder parameter decreases continuously from 50
meV at 240 K to 35 meV at S K (Figure Sb). The 0—0/0—1
ratios behave similarly and decrease as a function of
temperature, starting at values at around 0.5 at 240 K and
saturating in the range of 0.23—0.28 for the lowest temper-
atures (Figure Sc). Thus, the spectral analysis of the
fluorescence spectra suggests the spectra to arise from the
superposition of two emissions that have the same H-type
nature and that are subject to the same inhomogeneous
broadening yet that differ in transition energy by about 80 meV.

The necessity to involve two Franck—Condon progressions
instead of only one is also borne out by an analysis of the
absorption spectra. To do this, we use a modified Franck—
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Condon Fit developed by Spano et al.**~* which takes into

account the influence of intermolecular coupling on the
absorption spectrum of aggregates.

)

m=0

2

n

-
We s

2E,

A(hw) N
n(hw)

Sm

m!

)

wam n!(n —m)

x T8[hew — (E, + mE,)] 3)

where W defines the exciton bandwidth (and n being the
vibrational quantum number).

The difference between the Franck—Condon (FC) pro-
gression simulating the absorption of the aggregated phase and
the experimental spectra, i.e., the residue, should represent the
absorption spectrum of P3HT in the disordered phase. We find
that similar to the case of emission, modeling the spectra using
only one progression (see Figure S2 in the Supporting
Information) is unsuccessful. The sharp 0—0 peak at about
1.9 eV limits the Gaussian line width of the Franck—Condon
analysis and results in a residue that reveals a vibronic
progression and overall shape that are at variance with the
absorption spectra of the disordered phase shown in Figure la.
Successful modeling of the absorption spectra is, however,
possible by using a superposition of two progressions according
to eq 3. The two progressions have a spectral offset of about
100 meV, comparable to that in emission. Figure 6 shows the
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Figure 6. Absorption spectra of P3HT (black squares) at 160 K as well
as the Franck—Condon analysis (red solid line) according to eq 3
using two progressions (black dashed and dotted lines).

absorption measured at 160 K, along with the two FC
progressions, their superposition, and the residue. The
progressions used an exciton bandwidth of W = 70 meV.
Analogous to the simulation of the fluorescence spectra of the
aggregates, we used constant values of S = 1.1 and E4 = 0.175

eV while the energy E; of the 0—0 transition and the standard
deviation o of the Gaussian line width were allowed to change
with temperature. Using two progressions, the residue matches
well with the absorption of disordered P3HT (cf. Figure 1a).
Thus, the analysis of the absorption spectra corroborates the
conclusion of two H-aggregates drawn from the analysis of the
fluorescence spectra.

The temperature dependence of the Gaussian disorder
parameter ¢ as well as the energy E, of the S, « S, 0—0
transition obtained from the analyses of the absorption and
emission spectra are compared in Figure 7 for the lower energy
progression LEP. The data for the higher energy progression
HEP are analogous. Both parameters, ¢ as well as E,
continuously decrease while cooling down the solution, with
E, decreasing by 60 meV from 2.04 eV at 260 K down to 1.98
eV for 160 K (Figure 7a), and ¢ reducing by 14 meV from $7
meV toward 43 meV within the same temperature range
(Figure 7b). The Stokes shift between the 0—0 features in
absorption and emission is about 200 meV almost independent
of the temperature (see Figure S3 in the Supporting
Information). This comparable evolution of the progressions
in absorption and emission is consistent with the existence of
two H-aggregates that differ only slightly.

Further evidence for the presence of two different aggregate
phases is derived from experiments employing the site selection
technique. When scanning the excitation energy E,, from 2.070
to 1.865 eV, the fluorescence spectra change in a characteristic
way (Figure 8). This is most obvious in the S K emission
spectrum. For excitation within a spectral range from 2.070 to
1.938 eV, the fluorescence spectrum changes only marginally
and is characteristic of the higher energy (HEP) aggregate.
When exciting at 1.908 eV a low-energy shoulder on the 0—1
feature appears. Upon further decreasing of E, to 1.865 eV, the
0—1 feature of HEP shifts by approximately 20 meV because
tail states of the distribution of HEP states are addressed. In
addition to this, the 0—1 transition of the lower energy
aggregate (LEP) spectrum becomes the dominant feature. This
is an unequivocal proof that the HEP and LEP emissions
originate from different aggregates. It also demonstrates that at
5 K there is little communication between the two different
aggregates. Otherwise, the fluorescence from the lower energy
aggregates should be sensitized by exciting higher energy
aggregates, contrary to experiment.

At 160 K, there are subtle differences in the evolution of the
spectra upon scanning E., compared to the S K spectra. Again,
the site selectively excited fluorescence from the aggregates is a
superposition of emission from the higher energy progression
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Figure 7. (a) Energies of the S; — S, 0—0 peaks and (b) standard deviation o for the low-energy progression (LEP) in absorption and emission.
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Figure 8. Fluorescence spectra (solid lines) of P3HT aggregates in
THF parametric in the excitation energy E,, (a) at 160 K and (b) at 5
K. The spectra are normalized to the intensity of the 0—1 feature.
Spectra of corresponding HEP and LEP at those temperatures are also
illustrated by dashed lines with filled area. The arrows indicate the
direction of decreasing excitation energy.

and from the lower energy progression. In contrast to the 5 K
spectra, the LEP is the dominant feature. Moreover, the spectral
position of the LEP—traced most easily by considering its 0—1
peak at about 1.62 eV—remains nearly stationary when
scanning E, from 2.070 to 1.865 eV, whereas the emission
from the HEP shifts bathochromic by 18 meV (see Figure S4
for FC analysis on the site selected spectra). It seems that at
160 K there is temperature-dependent energy transfer from
HEP to LEP which is frozen out at S K. This energy transfer
from HEP to LEP at 160 K can also be seen when considering
the time-dependent aggregate fluorescence spectra. Figure 9
shows spectra recorded within a time window of 15 ps for
different times up to 6 ns after the excitation pulse at a
temperature of 160 K. The spectra are normalized to unity at
the approximate energy of the LEP 0—O0 feature near 1.78 eV. It
is evident how with increasing time the spectra reduce in
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Figure 9. Normalized emission spectra (solid lines) of P3HT in THF
for different times after the excitation pulse at 160 K. The spectra are
normalized to unity at about 1.8 eV. For clarity, corresponding HEP
and LEP are also illustrated by dashed blue and red lines.

relative intensity at the spectral positions corresponding to the
0—0 and 0—1 vibrational peaks of the HEP, i.e., at about 1.9
and 1.7 eV, whereas the relative intensity of the LEP 0—1 peak
at about 1.6 eV increases. While a detailed analysis of the time
dependence of this energy transfer is beyond the scope of the
present paper, Figure 9 clearly corroborates the evidence for
two emitting species brought forward by the site selectively
recorded steady-state fluorescence spectra of Figure 8.

3.3. Nature of the Two Aggregate Phases. Having
ascertained the occurrence of two distinct, albeit similar, H-
aggregate phases for P3HT in THF at temperatures below the
phase transition, we were wondering first whether it would be
possible to assign the spectra to specific P3HT morphologies
and second whether the two different aggregate phases of
P3HT that we identified in solution can exist also in a bulk film.
To answer this question, we recorded emission spectra of
differently prepared P3HT films on silicon wafers at a
temperature of 5 K for different excitation energies E,,. One
film (“heated”) was heated to 250 C under nitrogen and then
cooled down slowly as described in the Experimental Section,
while the other one (“as cast”) was measured as spin-coated
without any further treatment (Figure 10). This sample
preparation protocol follows the approach taken by Wu et
al,*® who studied the morphology of such films by X-ray
scattering.
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Figure 10. Normalized emission spectra of P3HT films at a
temperature of S K for different excitation energies E.: (a) as-cast
film; (b) a treated (“heated) film as described in the text.

The spectral shape of the emission spectrum of the “as-cast”
film undergoes only minor changes when decreasing excitation
energy E.. For excitation at 2.070 eV, it features a 0—0
vibrational peak at about 1.85 eV, a 0—1 peak at about 1.675
eV, and a 0—2 peak at about 1.50 eV. As evident most clearly
when considering the 0—1 peak, the spectra shift to the red by
only about 20 meV upon reducing the excitation energy by 177
meV to 1.893 eV. In contrast to this, the shape of the emission
spectrum for the film, which was heated above its melting
temperature, changes significantly for different excitation
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energies. It appears to be made up by the superposition of two
progressions. The higher energy progression has a 0—0 peak at
about 1.85 eV and it is dominant for excitation at 2.070 eV,
while roughly 80 meV below, a lower energy progression can be
made out that is dominant for excitation at 1.865 eV.
Analogous to the qualitative spectral changes for P3HT in
THEF at 5 K (Figure 8b), this LEP is first evident as an emerging
shoulder in the 0—1 peak for excitation at 1.908 eV and then
shifts to the red and becomes more and more intense for
decreasing excitation energy. By comparing Figures 10b and 8b,
it becomes obvious that the two aggregate phases (HEP and
LEP) are formed both in THF solution and also when slowly
cooling a P3HT film from above its melting temperature to
room temperature.

4. DISCUSSION

The results obtained so far may be briefly summarized as
follows. Figures 1—3 show that upon reducing the temperature
of a THF solution of P3HT a transition from a phase with
disordered chain conformations to a phase with ordered chains
takes place. The emission from the ordered phase can be
extracted, and it displays a continuous red-shift and
concomitant reduction of the relative 0—0 peak intensity.
From the analysis of the spectra in Figures 4—7, it becomes
evident that absorption and emission of the ordered phase
originate from two distinct, albeit similar, species. The two
excitation features are both of the same H-type character
(indicated by the same low value of the 0—0 peak intensity), are
subject to the same degree of disorder (manifested in &), and
are separated by about 80 meV. The site-selective and time-
dependent spectra of Figures 8—10 corroborate the evidence
for two distinct excited states, which indicate that at elevated
temperature energy transfer from the higher to the lower
energy state can occur and that both H-type aggregates can also
prevail in thin films when the processing conditions are chosen
suitably.

4.1. Temperature Dependence of the Aggregate
Emission. The emission spectra of aggregated conjugated
polymers such as P3HT have been discussed in terms of the
weakly mteractln H/J aggregate model developed by Spano
and co-workers.*”***#*> This model considers chromophores
that interact weakly by dipole—dipole coupling with a coupling
energy that is less than the mean vibrational energy of the
emission or absorption spectra. The resulting absorption and
emission spectra of the H-type (= parallel dipole moments
between the interacting chromophores) or J-type (= collinear
dipole moments) aggregates still display a vibrational structure,
albeit the intensities of the vibrational peaks are modified. In
particular, the ratio between the 0—0 and 0—1 vibrational peaks
depends strongly on the strength and character of the
interchromophore coupling, yet also on the disorder present
in the sample and on the sample temperature. In general, a 0—
0/0—1 emission peak ratio that is enhanced compared to that
prevailing in the nonaggregated chromophore indicates a J-type
coupling, while a reduced emission peak ratio results from an
H-type coupling. Upon reducing the temperature, the relative
intensity of the 0—0 decreases (increases) further for a H-type
(J-type) aggregate. The presence of disorder, quantified by the
standard deviation ¢ of the inhomogeneously broadened
Gaussian line shape, significantly moderates these effects.*
We interpret the data shown in Figure 3a,b in this framework of
weakly interacting H/J-aggregates.
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The low-temperature emission spectrum taken at 160 K has a
characteristic H-type aggregate character. This is evident from
its vibrational structure that features a low 0—0/0—1 peak ratio
and from the fact that it cannot be modeled using one or two
common Franck—Condon progressions as expressed in eq 1.
Rather, it requires the use of two similar, modified Franck—
Condon progressions with reduced 0—0 peak as given by eq 2.
Upon raising the temperature up to 265 K, the intensity of the
0—0 increases. Several factors contribute to this change in
vibrational structure. (i) For a given value of interchain
coupling and disorder in an H-aggregate, the relative intensity
of the 0—0 peak increases with temperature and can approach
the 0—0/0—1 ratio in the unaggregated molecule. * (i) In
addition, Figure Sb shows that in our sample the disorder itself
increases with temperature, which further enhances the increase
in the relative 0—0 intensity. (iii) This is intensified by thermal
expansion upon heating, which increases the interchain distance
thus reducing the interchain coupling. (iv) The observed
hypsochromic shift upon raising the temperature suggests a
reduction in conjugation length, implying an increase in
interchain coupling that would counteract to some extent the
increase in 0—0 caused by points i to iii.** The combination of
these factors results in the observed overall increase in relative
0—0 peak intensity with temperature. Paradoxically at 265 K
the aggregate spectrum closely resembles that of a non-
aggregated chain, except for the spectral position, as can be
seen from Figure 2b. Evidently, the symmetry reasons that
cause the 0—0 peak to vanish for a perfect weakly interacting H-
aggregate at 0 K are lifted by temperature and disorder.

4.2, Evidence for Two Different Aggregate Phases.
Testimony to the coexistence of two similar yet distinct weakly
interacting H-type aggregates in THF solution is given (i) by
the need to invoke two modified Franck—Condon progressions
to model the emission and absorption data (Figures 4 and 6),
(i) by the ability to excite the two different aggregates
selectively (Figure 8), and (iii) by the time-dependent
fluorescence spectra at 160 K (Figure 9), where the spectral
features at the position of the higher energy progression decay
faster than the ones corresponding to the lower energy
progression. These observations allow no other interpretation.
The same two H-type aggregates also form in a thin film when
it has been heated and allowed to cool slowly, while only one
H-type aggregate prevails in a spin-cast film (Figure 10).
Comparison of the spectra obtained from both films for
excitation at 2.070 eV identifies the emission in the spin-cast
film as arising from the higher energy progression. Thus, in a
thin film structure, both polymorphs can be formed, yet the
formation of the lower energy polymorph is kinetically
hindered and requires suitable processing conditions. While
several polymorphs of P3HT H-aggregates have been identified
in structural studies, e.g, on the basis of wide- an%le X-ray
scattering and scanning tunneling microscopy,”>>”>%%3147 ¢
signatures of different polymorphs in optical spectroscopy have,
to our knowledge, not been reported.

4.3. Nature of the Two Aggregate Phases. P3HT is
known to exist in different 4phases that have been identified by
structural studies.””***%*"*~* Wy et al. used DSC, small-
angle and wide-angle X-ray scattering, and AFM to investigate
the structure of a P3HT film prepared in the same way and
using material from the same batch as we use in our work.*’
They investigate the structural changes of P3HT upon cooling
from the melt. In the isotropic melt, both the main chain and
side chains are uncorrelated. For ease of reference, we shall call
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this phase 1. It corresponds to morphology of the disordered
phase in solution. Upon cooling below the melting point, the
P3HT chains aggregate to form a layer structure of spatially
separated main and side chains.*’ Both main and side chains are
still disordered and liquid-like. We refer to this as phase 2. It
exists only within a small temperature range until about 20 °C
below the melting point. Upon further cooling, the main chains
condense into a regular two-dimensional array. The poly-
thiophene backbone is planar and crystallized while the side
chains are still disordered (phase 3). Finally, when cooling
below 50 °C, the chains adopt a three-dimensional crystalline
topology with both main chains and side chains packed in a
regular, ordered fashion (phase 4). By employing scanning
electron microscopy and wide-angle X-ray scattering on P3HT
nanowires and P3HT nanotubes in porous templates, Martin et
al. confirm this basic sequence of structural ordering.*” Very
recently, the existence of two phases with planar backbone, one
with ordered and one with disordered side chains, has also been
reported by Brambilla et al. on the basis of Raman
measurements.**

The phases 1 to 4 described here correspond to Figures Se to
4b in Martin et al*’ Note that the formation of the
thermodynamically more favorable crystalline phases 3 and 4
can be kinetically hindered.*® Independent of the processing
method (cooling from melt, cooling a solution, reducing
solution quality), the self-assembly process applies to about half
of the material, with the other half remaining amorphous.****

These phases 1—4 are all characterized by side chains that are
not interdigitated. In addition, a phase with interdigitated side
chains has been reported (referred to as form II crystals). As
mentioned above, such a structure can be formed under certain
circumstances, e.g., on a graphite surface due to interfacial
interactions,”®*' when the polymer is subjected to other
constraints during processing,”’ or in highly ordered single
crystals grown from solution.”” Since the interdigitated
structure is accompanied by an increased 7-stacking distance,
it is easily converted, e.g. by moderate heating, to a
thermodynamically more favorable structure with denser
backbone packing, where #-stacking is optimized by placing
the side chains into a noninterdigitated structure, tilted away
from the backbone.””*' In particular, cooling from the melt
leads to noninterdigitated structures.*”*°

A key result of the present investigation is the recognition
that in a P3HT film that has been slowly cooled from above the
melting point to room temperature, the same two different H-
aggregate species are found as in THF solution below the
disorder—order phase transition. This is documented by
Figures 8 and 10 and provides a link between the spectroscopy
of those aggregates and their microscopic structure revealed in
the recent structural studies. It allows to assign the fluorescence
spectra of the higher energy (HEP) and lower energy (LEP) H-
aggregates formed upon cooling P3HT in solution (see Figures
8 and 10). We can rule out an assignment of the HEP or LEP
emission to an interdigitated H-aggregate structure for two
reasons. First, as already mentioned, the interdigitated structure
does not form upon cooling from a melt.>”*° Second, in the
interdigitated structure, the 7-stacking distance is increased.””!
This would imply a reduced H-type coupling and thus
concomitant a higher 0—0/0—1 ratio for the HEP or the LEP
emission, at variance with experiment. Based on our
observation that HEP and LEP emission are characterized by
the same ratio of the 0—0/0—1 emission peaks (Figure S), it is
straightforward to attribute the HEP and LEP emission to
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phases 3 and 4, respectively. These are the aggregates with
crystallized main chains yet disordered side chains and those
with crystalline main and side chains. The two associated
polymorphs have very similar interchain coupling, differing only
regarding the degree of side-chain order.

The energy difference of about 70 meV between HEP and
LEP is somewhat surprising. Evidently it arises from the fact
that correlation between the laminar stacks is lost in phase 3
where the side chains separating the layers are disordered and
liquid-like, while it is preserved in the phase 4 due to the
crystalline side chains. Thus, this shift seems to reflect the
impact of interactions between different lamellar stacks on the
excited states energies, while ratio of the 0—0/0—1 emission
peaks is controlled mostly by the interaction within one stack.

The conclusion that in phases 3 and 4 the polymer backbone
is crystalline requires some specifying comment. In a molecular
crystal such as an anthracene crystal, the S;—S, 0—0 transitions
in absorption and emission are resonant, i.e., there is no Stokes
shift, and they are homogeneously broadened. In contrast, this
is not the case for the absorption and fluorescence spectra of
the HEP and LEP features. By comparing Figures 1 and 5, it is
evident that the 0—O0 features of the fluorescence are offset from
those in absorption by 100—200 meV, and they bear out an
inhomogeneous broadening with a standard deviation of about
40 meV. The temperature-dependent Stokes shift can in part be
attributed to spectral diffusion.”>>" This spectral diffusion and
the inhomogeneous broadening are clear evidence for the
presence of energetic disorder. Such disorder can arise from
two causes, namely a variation in the polarization of the
environment or a variation in the conjugation length of the
chromophore. Since inhomogeneous line broadening and
spectral diffusion (Figures Sb and Sa, respectively) are identical
for both polymorphs, it follows that the different degree of
order in the side chains cannot be the main source for the
energetic disorder. Thus, we argue that the polythiophene
chromophores constituting the lamellar stack of H-aggregates
do not have identical conjugation length. Rather, there is some
distribution in conjugation length, despite the overall lamellar
arrangement. Another contribution to the Stokes shift arises
from the exciton band structure of the H-aggregate. In a
disordered H-aggregate, absorption takes place to the top of the
exciton band while emission occurs from its bottom. That
bandwidth separation is roughly given by We™, where W is the
free exciton bandwidth and S is the Franck—Condon factor.*
Using the experimentally obtained values of W = 70 meV and S
= 1.1, we obtain a value of 23 meV for this contribution to the
Stokes shift.

Finally, we discuss whether and how the phase 2 relates to
our spectroscopic measurements. Phase 2 is the structure that
Wu et al. and Martin et al. reported to consist of spatially
separated main and side chains without lamellar crystals. This
phase prevails in samples when cooling from the melt for a
small temperature range below the melting point only.>*** In
the context of Figures 2b and 3a we already mentioned that
there is a small temperature range just below the onset of
aggregation upon cooling, say at 265 and 260 K, where the
emission from the aggregate phase is clearly red-shifted from
that of the disordered phase, yet the vibrational structures of
the two emissions are nearly identical. It implies that the
interchain coupling is already sufficiently strong to reduce the
excited state energy, yet the prevailing disorder erodes any
signature of an H-aggregate in the 0—0 to 0—1 peak ratio. The
spectroscopic signature of the emission just below the onset of
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aggregation is fully consistent with the morphology suggested
for phase 2. We thus associate phase 2 with the emission
spectra of the aggregated domains shown in Figure 3c.
Obviously, upon further cooling this evolves into the crystalline
phases 3 and 4 with the associated typical H-aggregate spectra
showing the suppressed 0—0 peak.

4.4. An Estimate of the Domain Size. Having identified
the polymorphs causing the HEP and LEP, we now consider
which additional information we can extract from the site-
selective and time-dependent experiments (Figures 8—10)
regarding the microstructure of the P3HT H-aggregates. At 5
K, emission from phase 4 is observed when it is directly excited,
e.g, by using an excitation energy of 1.865 eV. In contrast,
when the excitation addresses phase 3, e.g., by exciting at 2.000
eV, emission is only seen from that phase, yet not from phase 4.
Evidently, at 5 K, there is no energy transfer from the lamellar
structure with still disordered side chains to the lamellae with
crystalline side chains. This applies to both the neat film
(Figure 10) and the frozen THF solution (Figure 8). Energy
transfer from phase 3 to phase 4 does, however, occur when the
temperature is raised to 160 K. For excitation at 2.070 eV, the
dominant part of the emission is due to the lower energy all-
crystalline phase 4, yet with a minor contribution from the
actually excited phase 3 with the noncrystalline side chains
(Figure 8). The time-dependent fluorescence spectra (Figure
9) indicate that this transfer takes place on a time scale of a few
nanoseconds. These observations allow for an estimate
regarding the size and distribution of the polymorphs.

(i) The appearance of energy transfer implies that the two
polymorphs must be sufficiently close. For the concentration
used here, this entails that an aggregated ensemble in solution
must contain both polymorphs.

(ii) The facts that the energy transfer takes place not on an
ultrafast time scale but rather on the comparatively slow
nanosecond range and that some emission from the higher
energy phase remains to be seen in the steady-state spectrum
for excitation at 2.000 and 2.070 eV suggest that each
polymorph must have a size that exceeds twice the exciton
diffusion range at that temperature.

A typical exciton diffusion length at room temperature is
about 5—10 nm.>* However, in an inhomogeneously broadened
density of states distribution the exciton diffusion length
decreases with decreasing temperature.>® Here the character-
istic parameter is the ratio between the standard deviation of
the Gaussian density of states distribution () and kzT. When
decreasing 6/kyT from 2 (equivalent to T = 300 K and ¢ = 52
meV) to 4 (equivalent to about 150 K), the exciton diffusion
length decreases by a factor of roughly S, i.e., to a value of 1-2
nm.>® Thus, the observed energy transfer implies a polymorph
size with a diameter exceeding a few nanometers. The overall
structural picture that emerges is that of an aggregated
ensemble that contains both a layered crystalline polymorph
with crystalline side chains and one with disordered side chains,
with both polymorphs extending over at least a few
nanometers. A possible overall scenario is that of a layered
crystalline polymorph with crystalline side chains (phase 4) in
the center and a surrounding layered crystalline polymorph
with disordered side chains (phase 3), embedded in the

remaining amorphous phase.
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