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ABSTRACT: Conjugated poly(3-hexylthiophene) (P3HT) chains are known to exist at least e o ]
in two distinct conformations: a coiled phase and a better ordered aggregated phase.
Employing steady state absorption and fluorescence spectroscopy, we measure the course of
aggregation of P3HT in tetrahydrofuran (THF) solution within a temperature range of 300 K
to 170 K. We show that aggregation is a temperature controlled process, driven by a
thermodynamic order—disorder transition. The transition temperature increases with the : et -
molecular weight of the chains and can be rationalized in the theory of Sanchez. This implies
a smearing out of the phase transition in samples with increasing polydispersity and erodes
the signature of a first order phase transition. The detection of a hysteresis when undergoing

cooling/heating cycles further substantiates this reasoning.
SECTION: Glasses, Colloids, Polymers, and Soft Matter

It is well-known that upon cooling a solution of a conjugated
polymer such as polydiacetylene," poly(p-phenyleneviny-
lene),” polyfluorene® and polythiophene,"~® aggregation
occurs. A signature of this phenomenon is the red-shift of
absorption and fluorescence spectra accompanied by spectral
narrowing. This indicates that in the aggregated phase, the
polymer chains are more extended and consequently more
ordered. Since in conjugated polymers change in carrier
transport is predominantly disorder-controlled, there is a
strong endeavor’ to understand how to introduce short-range
order in electronic devices such as field-effect transistors,
organic solar cells, or organic light-emitting diodes (OLEDs)
with conjugated polymers as active materials. Since the polymer
films are usually processed from solution, strategies are needed
toward the formation of ordered structures that exist already in
solution and are preserved during solution processing.'® To this
end, we characterize aggregation in solution of poly(3-
hexylthiophene) (P3HT), which is a preferred material used
for efficient organic solar cells. Stimulated by preceding work
on poly(2-methoxy-5-(2'ethyl-hexoxy)-1,4-phenylene-vinylene)
(MEH-PPV) in solution, we studied the aggregation of P3HT
in tetrahydrofuran (THF) solution as a function of temper-
ature, molecular weight, and polydispersity. In essence we find
that aggregation is, in principle, a first-order transition from a
coil to an ordered phase that is smeared out with progressing
polydispersity of the chains because the transition temperature
depends on molecular weight.

For our studies, we used P3HT's synthesized by a modified
Grignard metathesis reaction method as described elsewhere.'!
Due to this synthetic method, the samples have a very low
polydispersity index (PDI) and thus a very narrow molar mass
distribution. The number-average molecular weight (M, ) and
the weight-average molecular weight (M,,) were measured by

-4 ACS Publications  © 2014 American Chemical Society

2742

Absorption

Energy (eV)

/o H%

170K

300K

gel permeations chromatography (GPC) in THF with
polystyrene as the calibration standard as well as matrix-
assisted laser desorption ionization-time-of-flight mass spec-
troscopy (MALDI-TOF MS). The polydispersity indices of the
low PDI samples were obtained by the GPC data, while the
numbers of repeating units, i.e., the degree of polymerization
(DP), were determined from the MALDI-TOF measurements,
within an experimental uncertainty of 2 repeating units.
Commercial P3HT (P3HT-COM) was purchased from
American Dye Sources Ltd. (ADS), Canada, and shows a
comparable molecular weight to P3HT-19, but a higher PDI of
2.0. Table 1 gives an overview of the relevant properties of the

Table 1. Overview of the Used Materials and Their
Corresponding Properties: The Number-Average Molecular
Weight (M,) (Obtained by Both GPC and MALDI-TOF
Measuerments), Weight-Average Molecular Weight (M,,),
Resulting Polydispersity Index (PDI = M,,/M,), and Degree
of Polymersiation (DP) (Obtained by MALDI-TOF
Measurements)

method GPC MALDI-TOF MS

notation M, (g/mol) M, (g/mol) PDI M, (g/mol) DP
P3HT-S 5100 6300 122 3200 19
P3HT-11 11 300 12 500 1.11 7100 43
P3HT-19 18 600 21600 1.16 12 400 74
P3HT-34 34200 39 400 1.15 24000 144
P3HT-COM 18 800 38400 2.04 n.a. n.a.
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Figure 1. Temperature-dependent absorption (a) as well as corresponding emission spectra (b) for the three Polymers PBHT-5100 (top), P3HT-11
(middle) and P3HT-19 (bottom) in THF, differing in their molecular weight. The spectra are taken from 300 to 170 K in steps of 10 K (usually) or

5 K (near the transition temperature).

used materials including the notation used. We like to note that
in the P3HT series used here, the polymer chains do not fold
up to a size-exclusion chromatography (SEC) molecular weight
of ~20 kg/mol (MALDI ~ 12 kg/mol) both in bulk and in thin
films on cooling from melt."

All samples were dissolved in THF at a concentration of 0.1
mg/mL. To ensure that all of the polymer chains are
completely dissolved, the solutions were heated to 40—50 °C
and stirred for about 10 to 30 min, depending on the molecular
weight. Absorption and emission spectra at different temper-
atures were recorded with a home-built setup. The solutions
were filled into a fused silica cuvette with 1 mm path length and
put into a temperature-controlled continuous flow cryostat
(Oxford instruments). In order to minimize the light intensity
impinging on the sample, we use two correlated mono-
chromators for incident as well as transmitted light. The latter
is recorded by a silicon diode and a lock-in-amplifier.

For emission measurements, the xenon lamp and the first
monochromator are replaced via a shutter by a diode laser with
an excitation wavelength at 405 nm (3.06 eV), exciting the
sample at a shallow angle. Emission is recorded by the same
detection unit. This ensures recording absorption and
fluorescence spectra at the same sample spot and temperature
immediately after one another. All spectra were corrected for
the transmission of the setup, using an oriel calibration lamp.
Sample heating or cooling was done in a stepwise fashion with a
heating or cooling rate of 2K per min and waiting 45 min
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before taking the measurement at a given temperature.
Absorption as well as emission spectra for the three polymers
with different molecular weight and low polydispersity (P3HT-
19, P3HT-11, and P3HT-S) were measured within the
temperature range from 300 to 170 K, which is the glass
temperature of THF (Figure 1). While decreasing the
temperature from 300 K down to 170 K, we were able to
observe three distinct temperature ranges (see Table 2 for an
overview of all relevant temperatures and shifts).

Table 2. Overview of the Corresponding Concrete Values of
the Discussed Three Temperature Ranges for Three Samples
with Low Polydispersity

polymer range 1 Abs (P1) (K) range 2 (K) range 3 (K)
P3HT-19 300270 (280) 265-250 250170
P3HT-11 300—260 (270) 250-230 230-170
P3HT-S 300230 (250) 220-200 200—170

At 300 K, the absorption spectra are broad and structureless.
When cooling from 300 K to the onset of the phase transition
(temperature range 1), the maxima of the spectra feature a red
shift by 35—50 meV, accompanied by an increase in intensity of
about 10%.

When further decreasing the temperature and entering the
temperature range 2, a vibrational resolved absorption spectrum
appears with a S;—S; 0—0 feature (A;) at 2.0 eV and a

dx.doi.org/10.1021/jz5009938 | J. Phys. Chem. Lett. 2014, 5, 2742—2747



The Journal of Physical Chemistry Letters

———
BO0Tre e, = P3HT-5100 7
GoaEas . 1", & P3HT-11300 3
o UF 44,2, & P3HT-18600]
D05 F % 3
SN A, m
© r * 4 j
q50'4;_. A 7
SO03F ", o 3
= s i ]
g02¢ R E
Lo1F L, ° 3
Ia) " . . 3

S I BT s e d e e £E
175 200 225 250 275 300

Temperature (K)

Transition temperature (K)

280 LETE LR LIS LA S ! _‘ _
260 |- D) i ]
240 |- b S 34kDa

sigk. o 11kDa ]
00 N SkDa 7]
159 __I: ] E_xp. Data _
160 B TSN T TR NN T | ) l_ -IFH. L

0 50 100 150 200 250 300 350

No. of monomer-units

Figure 2. (a) Fraction of aggregates in the solution as a function of temperature for the three different P3HTs. (b) The dependence between the
critical transition temperature and molecular weight and a fit using eq 2.

vibrational satellite at 2.2 eV (A, feature). At the same time,
absorption from the high energy region (above 2.5 eV) is
decreasing and an isosbestic point at about 2.5 eV is observed.
These main spectral changes take place within a small
temperature range of approximately 20—30K. Upon subsequent
cooling, the A;-Peak shifts toward lower energies and becomes
more intense.

At 300 K, all the fluorescence spectra are more structured
compared to the corresponding absorption spectra with a main
emission peak at approximately 2.16 eV and a second peak at
about 1.99 eV. Within temperature range 1, i.e., between 300 K
and the onset of the phase transition, the emission of the
samples shifts to lower energies and the overall intensity
increases. This is in analogy to absorption spectra. Within
temperature range 2, a distinct loss of intensity and
simultaneously change in the ratio between the peaks at 2.15
and 2.0 eV can be observed. This effect is more pronounced for
P3HT-19 and P3HT-11. At temperatures below the phase
transition (temperature range 3), a structured low energy
emission spectra can be observed. For both P3HT-19 and
P3HT-11 emission from the former pronounced peak at 2.15
eV vanishes. Instead a low energy peak at 1.9 eV appears at 240
K that shifts to 1.8 eV at 170 K. This is complementary to the
behavior of the low energy peak observed in corresponding
absorption spectra. In contrast to P3HT-19 and P3HT-11
within this temperature range, the emission spectrum of P3HT-
S is more intense and basically retains its original structure
except for additional spectral broadening,

In general, the broad absorption and corresponding emission
spectra observed within the first temperature range (e.g., at 300
K) can be associated with P3HT chains in the coiled state,'>'*
while the red-shifted, well-structured absorption and emission
spectra observed with the temperature below the phase
transition (e.g., at 170 K) are assigned to weakly interacting
H-type aggregates in which the chains are more planar and
more extended.'>™'® Therefore, we interpret the data shown in
Figure 1 as the signature of a temperature-induced stepwise
phase transition from coiled phase toward aggregated P3HT.
The observed initial red shift within the first temperature range
is associated with an increase in conjugation length of the coiled
phase,'® and a concomitant increase in oscillator strength of the
polymer chains.”® This is the signature of an initial planarization
process of the coiled chains within the first temperature range.
The existence of an isosbestic point at 2.5 eV in the absorption
spectra within the second temperature regime indicates that
P3HT chains are gradually transformed from coiled to an
aggregated state.”’ Within the temperature range 3 the
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aggregate absorption spectra bear out a further redshift. This
can be a signature of an increase in conjugation length due to
an improved planarization of the aggregates or to spectral
diffusion due to energy transfer within aggregates. The strong
decrease in overall intensity compared to emission from coiled
phase demonstrates that in the aggregated phase the chains
form H-aggregates.8

In order to further investigate the temperature-dependent
conformational behavior of P3HT in solution, the measured
absorption spectra were deconvoluted into the spectra of the
aggregated and coiled polymer chains, following the approach
of Scharsich et al.*> Here the absorption spectrum of pure
coiled phase was scaled to the high energy shoulder of the
respective spectra and subtracted acquiring the fraction of pure
aggregate absorption. Taking into account the difference of
oscillator strength between coiled and aggregated polymer
chains as described in the Supporting Information, the fraction
of aggregates f,,.. in solution was obtained as a function of
temperature for all three samples (Figure 2a). Here we can see
that aggregation starts at lower temperatures for lower
molecular weights (P3HT-19 at 265 K, P3HT-11 at 255 K,
and P3HT-$ at 230 K). Below these temperatures, all samples
show a steep increase in aggregate fraction within a temperature
range of about 20—30 K. After that, the fraction of aggregate
saturates for these three samples toward the lowest measured
temperature. At 170 K, the maximum fraction of aggregates
reached is 60% for P3HT-19, 70% for P3HT-11, and 32% for
P3HT-S. These values (especially for P3HT-19 and P3HT-11)
are consistent with typical values found in the literature,*>**
indicating that the maximum fraction of aggregate is
independent of the way the samples are prepared.

The experiments demonstrate that molecular weight of the
polymers used has a significant influence on which temperature
the transition takes place. We infer the critical temperature
from the inflection point in the fraction of aggregate as a
function of temperature:

2
a faggr
oT?
T, (1)

Figure 2b shows that the obtained critical temperatures T,
increase as a function of the number of monomer units for four
polymers.

Based upon mean field theory, Sanchez showed that an
infinite chain undergoes a second-order phase transition from a
swollen coil to a collapsed globule upon cooling below a critical

dx.doi.org/10.1021/jz5009938 | J. Phys. Chem. Lett. 2014, 5, 2742—2747
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Figure 3. Comparison between the fraction of aggregates of P3HT-19 with low PDI and P3BHT-COM with high PDI, (a) as a function of
temperature, and (b) as a function of the reduced temperature a((T. — T)/T.) plotted double logarithmically. Here, the dashed line indicates a slope
of 0.33, representing the expected course for a second order phase transition.

(transition) temperature TC.24 In finite systems, this transition
becomes pseudo-second order and depends on the chain
stiffness. The theory predicts that the critical temperature scales
with the number of repeat units N of the chains as

0-T _ ¢

T, VN )

where @ is a constant that depends on the chain stiffness and
the so-called theta temperature 6 is the critical temperature of
an infinite chain. Figure 2b shows that eq 2 provides an
excellent fit for T, as a function of the monomer units and thus
the molecular weight of the polymer chains, with fitting
parameters ¢ = 8.7 = 0.3 and 6 = (278 =+ 1) K

Experiments on samples with similar molecular weight yet
different polydispersity (P3HT-COM) shed further light on the
nature of this transition. Figure 3a reveals clear differences
regarding the temperature dependence of the fraction of
aggregates. On one hand, the maximum fraction of aggregate at
around 77% for P3HT-COM at a temperature of 170 K is
approximately 20% higher compared to the corresponding
value for P3HT-19. Furthermore, the shape of the transition
seems to be more undefined and more continuous for the
P3HT-COM sample compared to the samples with low
polydispersity. By contrast, the critical temperatures T, for
the samples with low and high polydispersity are nearly
identical, indicating that in this case polydispersity plays no
role. If a coil—globule transition in an infinite chain was a
second-order transition, it should be described by

T-T1Y
T) ~ | =< , =033
™ ( L ) ’ 3)

where f,,. is the fraction of the ordered chains.® In order to
identify the order of the transition, we plotted f,,,. versus the
reduced temperature (T, — T)/T. on a double logarithmic scale
(Figure 3b). The dashed line indicates a slope of 0.33,
representing a second-order phase transition. The good quality
of the fit for the data of P3HT-COM (PDI = 2.0) is, indeed,
reminiscent as a second order phase transition. However, for
the sample P3HT-19 with low polydispersity, a clear deviation
from the second-order course (dashed line in Figure 3b) is
obvious. Therefore, we conclude that polydispersity determines
the temperature-dependent shape and any assignment to a
second order phase transition is accidental. As the transition
temperature depends on molecular weight, obviously a broad
distribution of chain lengths for high PDI samples smears out

f

aggr
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the shape of the transition. Considering the steep transition for
the low PDI sample, we conclude that in the limit of a well-
defined chain length the transition is of first order. This is in
accordance with the work of Cone et al. on the formation of the
B-phase in poly(9,9'-dioctylfluorene) (PFO).

Figure 4 shows that in P3HT-19, there is a hysteresis
regarding the fraction of aggregates observed upon sample
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Figure 4. Normalized intensity of the A-Peak gathered from
absorption spectra while going through a cooling/heating cycle.
Waiting time to ensure thermal stability within the solution was set to
4S min between every temperature.

cooling and heating. In order to asses a possible influence of
waiting time between two consecutive 10 K temperature jumps,
the waiting time was increased up to 90 min. Here we found
that the waiting time has virtually no effect on the hysteresis
(see SI). This suggests that the hysteresis is linked to an
enhanced thermal stability of planarized structures. It was
suggested this may be due to side chain ordering occurring after
aggregation of the main chains®® which could lead to different
polymorphs.*® However, we cannot rule out the possibility that
the formation or dissolution of the aggregates during stepwise
sample cooling or heating is kinetically hindered which is often
the case in first order transitions. Experiments with different
heating/cooling rates would be required to tell this possibility.

In summary, we show that the aggregation of P3HT in
solution by lowering temperature can be described as a phase
transition from coiled phase toward aggregated P3HT. The
process is a sequence of swelling of the coiled phase, formation
of aggregates, and further planarization of the aggregate. This is
consistent with recent simulation of the initial crystallization

dx.doi.org/10.1021/jz5009938 | J. Phys. Chem. Lett. 2014, 5, 2742—2747
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process of P3HT in solution.”® The authors conclude that this
nucleation process is the sequence of three steps, ie. ring
orientation, elongation of the main chain and, finally ordering
the side chains. The bathochromic shift of the unstructured
absorption spectrum of P3HT above T, is likely to be a
signature of the first step. We find that the subsequent
elongation of the chains and their concomitant collapse to
ordered aggregates appears as a thermodynamic first order
process.

Our results are corroborated by Monte Carlo simulations by
Kolinski and co-workers, who constrast the nature of the coil—
globule transition for flexible and for stiffer polymers.”” They
find that, whereas flexible chains collapse to an essentially
Gaussian, tight random coil, finite length polymers that have a
considerable degree of stiffness collapse into an ordered state
such as a rod-like bundle. Kolinski et al. compare this collapse
to the denatured-to-native transition in globular proteins. The
simulations predict that upon lowering the temperature, the
dimensions of the stiffer chains first increase until the chain
suddenly undergoes a pseudo-first-order phase transition to an
ordered dense state. Kolinski and co-workers attribute the
initial increase in chain dimension to the dominance of freezing
out rotational degrees of freedom over attractive interactions.
They suggest this prepares the chain just above the transition in
conformation composed of stiff sections connected by “flexible”
linkages, which thus primes the polymer to collapse into an
ordered structure.

The dependence between molecular weight of the used
polymer and the critical temperature of the transition can be
rationalized in terms of the theory of Sanchez. In samples with
higher polydispersity, realized in commercial samples, there is a
superposition of different transition temperatures of chains of
different lengths. This obscures the first-order character of the
transition. The hysteresis regarding the fraction of ordered
chains upon undergoing cooling/heating cycles is tentatively
attributed to side chain ordering.

B ASSOCIATED CONTENT
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Determination of oscillator strength in the aggregate, impact of
waiting time on the hysteresis of the fraction of aggregates. This
material is available free of charge via the Internet at http://
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