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ABSTRACT: Two new polythiophenes functionalized with differ- .
ent degrees of tetraphenylethene, TPE, side groups (with TPE N\
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successfully synthesized and characterized together with a poly(3-
hexylthiophene) with similar average molecular weight and a
tetraphenylethene-thiophene model compound. The study aimed
to understand the role of the sterically bulky TPE pendant groups ("= 3o 60 S SRS G688
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on the inhibition of intra- and/or interchain packing (aggregation)
of these conjugated polymers. For the tetraphenylethene-
thiophene model, compound aggregation induced emission
(AIE) is active for water fractions > 90%. An opposite behavior
is found for the polythiophenes (homoPT and coPT) where
aggregation caused quenching (ACQ) was found to occur both in solution and in the solid state. For the polythiophene with the
higher degree of TPE labeling, homoPT, the amount of ACQ is significantly decreased. This is attributed to the high TPE
substitution density in the polymer which promotes a more twisted conformation of the polymer backbone as the emissive
chromophore. For the TPE-polythiophenes, only the energy migration mechanism was found to be active since the bulky TPE
substituents restrict the polymer’s intramolecular motions. The experimental observations of a small shift in the emission spectra of
homoPT and significant hindering of ACQ_on going from solution to the solid state explain the absence of intermolecular
interactions together with the restriction of intramolecular rotations.

B INTRODUCTION

Polythiophenes are among the most studied conjugated
polymers due to their applications in the last generation of
optoelectronic devices, namely, in organic solar cells, light-
emitting diodes, and field effect transistors."”” It is increasingly
clear that the electronic properties of conjugated polymers are
highly dependent on the physical conformation of the polymer
chains and the way the chains pack together in films. An
obstacle to their development is the significant fluorescence
quenching in the solid state that generally occurs due to strong
interchain interaction of the polythiophenes.” This phenom-

electronic conjugation on the polymers, while the electronic
effects of the saturated surfactants and nonconjugated
polymers can dilute the chromophoric units densities and
block the charge transport in electroluminescence (EL)
devices.

Construction of a large variety of aggregation induced
emission (AIE) polymers has been reported with various
synthetic strategies to incorporate typical AIE active molecules
(AIEgens), such as the propelled shaped molecules TPE and
hexaphenylsilole, into polymer structures either by directly
using AlEgen-containing monomers for homopolymerization

enon can be referred to as aggregation-caused quenching
(ACQ). This may dramatically affect the performance of the
polymers for optoelectronics because they are commonly used
as solid films in their practical applications. Several chemical,
physical and engineering strategies have been developed to
overcome the ACQ_effect, for example, attachment of bulky
alicyclics, encapsulation by amphiphilic surfactants and
blending with transparent polymers.”> These processes are,
however, often accompanied by severe side effects. For
example, the steric effects of bulky alicyclics can twist the
conformations of the chromophoric units and hinder the
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or copolymerization or by modifying polymers with AlEgens
through postpolymerization modification techniques.’” In
this work, an attempt was made to circumvent the ACQ _effect
by synthesizing two tetraphenylethene-polythiophenes with
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Scheme 1. Synthetic Route for the TPE Boronic Ester 3
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Scheme 2. Synthetic Route to Monomer 4 and the Corresponding Polymers HomoPT and CoPT
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different degrees of substitution. The TPE molecule has been
at the forefront of the development of the concept of AIE in
which molecules that display very weak fluorescence in dilute
solutions (of good solvents) become highly emissive upon
aggregation in poor solvents or cast into solid films.” Indeed, it
has been demonstrated that TPE with its propeller-shaped
conformation is an AIE active chromophore.”'” The AIE effect
is caused by the restriction of intramolecular rotations (RIR),
associated with the loose bolt effect for the radiationless
transitions, "' by aggregate formation, which effectively blocks
the nonradiative energy dissipation channels (particularly the
internal conversion) in favor of the radiative decay channel. In
the aggregates, the propeller-shaped TPE units prevent the
molecules from packing in a 7—7 stacking process, while their
intrar}lzolecular rotations are physically constrained in the solid
state.

B EXPERIMENTAL SECTION

Spectroscopic Measurements. All the solvents used in
the photophysical experiments were of spectroscopic grade.
Absorption and fluorescence spectra were recorded on
Shimadzu UV-2100 (or Cary 5000 UV-vis-NIR) and
Horiba-Jobin-Ivon SPEX Fluorog 3-22 (or Fluoromax)

13957

spectrometers, respectively. The fluorescence spectra were
corrected for the wavelength response of the system. For the
steady state and time-resolved emission experiments, the
absorption at the excitation wavelength was kept below 0.1.
The fluorescence quantum yields were measured using either
one of two methods: (i) the comparative method using as
standards quinine sulfate (in 0.5 M H,SO, solution, ¢y =
0.546'%) and quinquethiophene (dioxane solution, ¢y =
0.36'*) or (ii) the absolute method with a Hamamatsu
Quantaurus QY absolute photoluminescence quantum yield
spectrometer model C11347 (integrating sphere).”

Thin films from the compounds were obtained with a
desktop precision spin-coating system, model P6700 series
from Speedline Technologies. Solid-state thin films from the
samples were obtained by deposition of a few drops from a
solution of the compounds into a circular sapphire substrate
(10 mm diameter) followed by spin-coating (2500 rpm) in a
nitrogen-saturated atmosphere (2 psi). The solutions for spin-
coating were prepared by adding 2 mg of the samples to 200
UL of chloroform solution with stirring at 40 °C for 30 min. In
the solid state (thin films) the fluorescence quantum yields
were measured using the absolute method with a Hamamatsu

https://dx.doi.org/10.1021/acs.jpcc.9b10908
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Scheme 3. Structures and Acronyms of the Investigated Compounds
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spectrometer, model C11347 (integration sphere).®

Fluorescence decays were measured using a home-built
TCSPC system described elsewhere.'” Alternate measure-
ments of the pulse profile at the excitation wavelength and the
sample emission were performed until § X 10° counts
maximum were reached. The fluorescence decays were
analyzed using the modulating functions method of Striker
with automatic correction for the photomultiplier “wavelength
shift.”'® Temperature control was achieved using a home-built
system based on cooled nitrogen and electric heating.

Singlet oxygen sensitization quantum yields were obtained
by comparison of the measured singlet oxygen phosphor-
escence signal at 1275 nm followed upon irradiation of the
aerated toluene solutions of the samples and reference
compound, collected with excitation at 355 nm from a
Nd:YAG laser with a setup elsewhere described.'” Perinaph-
thenone in toluene (¢, = 0.93) was used as standard.'®

Synthesis and Characterization. Regioregular poly(3-
dodecylthiophene-2,5-diyl), average M,, ~ 60 000 g mol™", was
purchased from Sigma-Aldrich and used as received without
further purification. Poly(3-hexylthiophene), P3HT, with M,,
of 18 500 g mol™! was synthesized by conventional methods
and analytically characterized as elsewhere described.'”’
Scheme 1 presents the synthetic route for the TPE boronic
ester precursor. Monobromo-TPE 2 was obtained by treating
4-bromobenzophenone with diphenylmethyl lithium followed
by acid-catalyzed dehydration. The TPE boronic ester 3 was
synthesized by Suzuki—Miyaura-type coupling of monobromo-
TPE 2 and bis(pinacolato)diboron.

The synthesis route to monomer 4 and the corresponding
polymers homoPT and coPT is depicted in Scheme 2. TPE-
substituted thiophene was obtained in a Suzuki-type aryl—aryl
crosscoupling between 3-bromothiophene and TPE boronic
ester. The TPE-substituted dibromothiophene monomer 4 was
synthesized by bromination with NBS at 0 °C. 2,5-
Bis(trimethylstannyl)thiophene was purchased from Sigma-
Aldrich and used without further purification. Polymer
homoPT was generated in a Yamamoto-type homocoupling
with the mixture of Ni(COD),, 1,5-cyclooctadiene (COD),
2,2'-bipyridine (Bpy), and THF under microwave (MW)
heating at 120 °C for 12 min. Polymer coPT was made in a
Stille-type cross-coupling with the mixture of Pd(PPh;), and
DMEF under MW heating at 140 °C for 20 min. The structure
elucidation of monomer 4 was performed by NMR spectros-
copy, mass spectrometry, and elemental analysis. The chemical
structure of the obtained polymers was finally confirmed by
NMR spectroscopy, GPC, and optical spectroscopy.

Polymer HomoPT. A mixture of monomer 4 (400 mg,
0.699 mmol), Ni(COD), (500 mg, 1.817 mmol), BPy (284
mg, 1.817 mmol), and COD (197 mg, 1.817 mmol) in THF (6
mL) was reacted under microwave heating at 120 °C for 12
min. The reaction mixture was quenched with water and
extracted with chloroform. The collected organic phases were
washed with aqueous 2 M HCI solution, aqueous NaHCO;
solution, saturated, aqueous EDTA solution, and brine and
finally dried over MgSO,. Afterward, the solvents were
removed under vacuum. The resulting solid was dissolved in
a small amount of chloroform and precipitated into methanol
(500 mL) to afford the target orange-colored polymer.
Subsequent Soxhlet extractions were carried out with
methanol, acetone, ethyl acetate, and chloroform. The orange
polymer was obtained with 52% yield from the chloroform
fraction (150 mg). '"H NMR (600 MHz, C,D,Cl,, 60 °C) &
(ppm) 7.26—6.60 (m, 20H). M, 14600, M,, 57 800, M,,/M,
3.96 (GPC, PS calibration).

Polymer CoPT. Monomer 4 (400 mg, 0.699 mmol), 2,5-
bis(trimethylstannyl)thiophene (286 mg, 0.699 mmol), and
Pd(PPh3)4 (40.4 mg, 0.035 mmol) were added into a 20 mL
microwave tube. The mixture was carefully degassed under
vacuum for 15 min. Next, dry DMF (10 mL) was added into
the tube under argon and the resulting mixture was heated to
140 °C under microwave conditions for 20 min. After that, 2-
(tributylstannyl)thiophene (5.2 mg, 0.014 mmol) was added as
the end-capping agent, and the mixture was reacted for another
S min. The mixture was cooled down to room temperature,
treated with aqueous 2 M HCI solution, and extracted with
chloroform three times. The organic phases were collected and
dried over MgSO,. Afterward, the solvents were removed
under vacuum. The resulting solid was dissolved in a small
amount of chloroform and precipitated into methanol (500
mL) to afford the target polymer as a dark red solid.
Subsequent Soxhlet extractions were carried out with
methanol, acetone, ethyl acetate, and chloroform. After
reprecipitation of the chloroform-soluble fraction into
methanol, the dark red polymer was obtained with 69% yield
(240 mg). '"H NMR (600 MHz, C,D,Cl, 60 °C) § (ppm)
7.49—6.59 (m, 22H). M, 14 500, M,, 76 600, M, /M, 5.28
(GPC, PS calibration).

Instrumentation for Analytical Characterization.
NMR spectra were recorded on a Bruker AVANCE 400 or
AVANCE III 600 instrument. '"H NMR and "*C NMR spectra
were measured with tetramethylsilane (TMS) as the internal
standard. Gel permeation chromatography (GPC) measure-
ments at a high temperature (135 °C) were carried out on a
Waters Alliance 2000 System equipped with a PLgel-Guard
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and PLgel-MIXED-B-column (both from Agilent Technolo-
gies) using 1,3,5-trichlorobenzene as the eluent, with a RI
detector and measured against polystyrene. Atmospheric
pressure laser ionization (APLI) measurements were carried
out on Bruker Daltronik Bremen with micrOTOF.

Elemental analyses were performed on a Vario EL II
(CHNS) instrument.

B RESULTS AND DISCUSSION

The structures and acronyms of the investigated compounds
are depicted in Scheme 3. The study is focused to the
spectroscopic investigation of polythiophenes comprising
tetraphenylethene substituents, in each repeat unit, homoPT,
or each second repeat unit, coPT. In addition, for comparison
purposes, also poly(3-hexylthiophene), P3HT (displaying a
similar degree of polymerization, DP), together with the
monomeric model compound tetraphenylethene-thiophene, T-
TPE, were studied. The average molecular weight, M, weight-
average molecular weight, M,, and polydispersity (PD) of the
investigated polymers are presented in Table 1. On the basis of
the M,, data, the degree of polymerization (DP) varies between
110 and 154 (Table 1).

Table 1. Physical Characteristics for the Investigated
Polythiophenes®

compd M, (g mol™) M,, (g mol™) PD DP
P3HT 14 000 18 500 1.32 110
homoPT 14 500 57 800 3.96 140
coPT 14 500 76 600 5.28 154

“Mean and weight-average molecular weights (M,, M,,), polydisper-
sity (PD), and degree of polymerization (DP) as calculated from M,,.

Spectroscopic and Photophysical Data. Absorption
and fluorescence emission spectra of the investigated
polythiophenes in toluene solution and in the solid state
(thin films) are shown in Figure 1. The spectroscopic data for
homoPT, coPT, and P3HT in solution displays the character-
istic low energy unstructured absorption band together with
the structured fluorescence emission band (clear structuring
observed for coPT and P3HT, only allusively for homoPT)

@ Abs toluene
Fluo toluene
@b film

Fluo film
m—T-TPE, Abs THF
——T-TPE, Fluo THF|

homoPT,
|

Absorbance
(‘n-e) Aysuajuj

.0 . —
300 400 500 600 700 800

Wavelength (nm)

Figure 1. Room temperature normalized absorption and fluorescence
emission spectra for the investigated polythiophenes in toluene
solution and in thin films.

characteristic of polythiophenes, thus showing that different
potential energy curves (and geometries) are found in the
ground state (chains torsionally disordered) and first singlet
excited states (more planar conformations with a quinoidal-
type character) of these compounds.”'~** The spectroscopic
properties found for P3HT and homoPT closely resemble the
absorption and fluorescence emission spectra found for
heptathiophene (142 = 441 nm and A2% = 522 and 560
nm'"), thus showing that the size of the effectively conjugated
segment for these polymers should be similar to this oligomer.
Indeed, in general, it has been shown that the fully relaxed
emissive segment length is >7 repeat units in P3HT.'»'"*

Noteworthy, and contrary to what was found for P3HT, is
the appearance of an additional absorption band at higher
energies (325 nm) for homoPT and coPT polymers; see Table
2 and Figure 1. Comparison with the absorption spectra of the
model compound T-TPE (see Figure 1 and Scheme 3) shows
that this additional spectroscopic feature of the polymers is
also present in the model compound T-TPE and can be related
to the TPE chromophore (A2% = 323 nm and A5 = 495 nm
for T-TPE in tetrahydrofuran solution). In addition, when
comparison is made between the lowest energy absorption
band of the P3HT and the poly(tetraphenylethene-thio-
phenes), derivatives a red-shift of ~5 nm was observed for
homoPT while a more significant red-shift, ~63 nm, was
observed for coPT (Table 2 and Figure 1). The higher red-
shift found for coPT when compared to P3HT (and homoPT)
can be ascribed to the bulkier TPE side units (and substitution
degree) induced backbone planarization promoting a stronger
electronic coupling between the chromophoric repeating
units.”>~>” Indeed, as previously reported for phenyl-
substituted polythiophenes,”” for homoPT the polymer
backbone should adopt a more twisted conformation due to
the high substitution density with TPE side groups at each
thiophene unit, whereas for coPT only each second thiophene
unit carries a TPE side chain, resulting in a more planar
polythiophene.

In the solution emission spectra, no significant changes were
found in the fluorescence wavelength maxima for the homoPT
when compared to the P3HT polymer (although a decrease in
the vibronic structure was observed). For coPT, instead, in
agreement to what was observed in the absorption spectra, a
significant ~25 nm red-shift of the emission maximum was
observed. Within experimental error the spectroscopic proper-
ties for P3HT and homoPT can be considered as identical,
thus showing the existence of similar effective conjugation
lengths (7-delocalization degree).”

The obtained photophysical parameters (quantum yields,
lifetimes and rate constants) in solution and in the solid state
(thin films) are presented in Table 2. In solution (toluene and
tetrahydrofuran), the fluorescence quantum yields (¢bz) were
found to be in the 0.13—0.22 range (see Table 2). However,
the obtained ¢y values should be considered to remain, within
experimental error, constant for these derivatives. In agreement
to what was previously mentioned, in which similar
conjugation segments should be adopted in P3HT and the
tetraphenylethene-substituted homoPT, the consistency in the
¢ values also suggests that similar properties are present in
solution. The room temperature fluorescence quantum yields
found for homoPT and coPT are in agreement with the values
reported for phenyl-substituted polythiophenes (with sub-
stituents on every thiophene unit) and polybithiophenes.”” For
P3HT, the ¢ value found is in good agreement with the values

https://dx.doi.org/10.1021/acs.jpcc.9b10908
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Table 2. Spectroscopic (Absorption and Emission Maxima) and Photophysical Data (Fluorescence, ¢5, and Internal
Conversion, ¢;c, Quantum Yields, and Rate Constants Together with the Sensitized Singlet Oxygen Formation Quantum
Yields, ¢p, and Fluorescence Lifetimes, 7;) for the Investigated Polythiophenes in Toluene Solution and in the Solid State

(Thin Films) at 293 K

293 K film 293 K film 293 K
compd A% (nm) An% (nm) AR (nm) A% (nm) ¢ s 7 (ps)* " [N ke (ns7!) ke (ns7!)  kise (ns™) kg (ns7!)
P3HT 451 577 555 725 0.19 0.009 524 0.54 0.27 0.363 1.03 0.745 1.55
homoPT 455 575 445 59§ 0.13 0.08 528 0.82 0.052 0.246 1.55 0.211 1.65
coPT S13 600 S13 620 0.22 0.03 715 0.68 0.10 0.308 0.951 0.325 1.09

“Major component, associated with the decay of the relaxed polymer, of a multiexponential decay; see text for further details. “Calculated assuming

Pa = Pr.
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Figure 2. (A) Fluorescence emission spectra and (b) correlation of emission area with increasing water fractions (f,,) in THF/water mixtures for
the polythiophenes, homoPT, coPT, and P3HT, together with the model compound T-TPE.

previously found for a regioregular polymer, RR-P3HT, with
M, = 55 kDa in chlorobenzene solution, ¢z = 0.33.>°

Upon going to the solid state (thin films), it was found that
the absorption and emission spectra of homoPT and coPT
closely resemble the spectroscopic features observed in
solution (although with a ~20 nm red-shift in the emission
spectra; see Table 2). As described elsewhere,””*?* the steric
hindrance of the TPE bulky groups and increased rigidity
prevent the polymer chains from packing (by increasing the
separation distance between polymer chains) and lead to
similar spectroscopic properties in solution and in the solid
state. On the contrary, for the investigated P3HT (M,, = 18500
g mol™") and as previously reported for polythiophenes
(including P3HT with different M, values), significant
differences were seen when going from solution to solid
films. Indeed, for the investigated P3HT, the unstructured
absorption found in toluene solution is replaced by a
structured and significantly red-shifted (~104 nm) absorption
band in thin films (Figure 1). Moreover, the emission band in
the solid film is also significantly red-shifted (~148 nm) and

13960

the intensity progression of the emission peaks was found to be
opposite to that seen in solution with the low energy peak
being more intense than the high energy peak. This behavior
together with the decrease in the ¢ value when going from
solution to the solid state (0.19 vs. 0.009, respectively) has
been previously attributed to the emission from interchain
(aggregate) excited states in P3HT films, where symmetry
considerations reduce the intensity of the high energy
emission.”*" Similar behavior was obtained at low temper-
atures where an additional resolved emission band appears at
longer wavelengths for temperatures below —20 °C (see Figure
S1 in the Supporting Information (SI)). The nature of this
additional band may be questioned regarding its origin: it is (i)
a consequence of a higher level of z-delocalization within the
polymer or (ii) a consequence of aggregate formation; or of
the two as suggested elsewhere for P3HT where aggregation is
found to be responsible for partial planarization with a
simultaneous electronic coupling between segments of
neighboring polymer chains.’

https://dx.doi.org/10.1021/acs.jpcc.9b10908
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An opposite behavior was found for homo- and coPT where
no additional bands (in the emission and excitation spectra, see
Figures S2 and S3 in SI) appeared upon decreasing
temperature that could be attributed to the formation of
aggregates. Moreover, for the poly(tetraphenylethene-thio-
phenes), homoPT and coPT, although similar spectral features
were found in solution and in thin films (which could indicate
that similar excited states properties are found in these
mediums), upon going to the solid state, there is a decrease in
¢y values which is more pronounced for coPT (¢ = 0.22 in
toluene vs. ¢z = 0.03 in the solid film) than for homoPT (0.13
vs. 0.08); see Table 2. These results suggest that for homoPT,
with a TPE substituent in each thiophene unit, the higher
steric hindrance reduces the planarization of the main chain in
the film and thus the aggregation caused quenching process is
less efficient than for other polythiophene counterparts.
Indeed, the more planar conformation expected for the coPT
polythiophene when compared to homoPT allows intermo-
lecular interactions that can favor aggregation caused
quenching. Thus, to further explore this effect, we present a
more detailed analysis of the emission behavior of these
polymers and the T-TPE model compound in mixtures of
good and poor solvents, i.e, in which the incremental
formation of aggregates can be promoted.

Aggregation Caused Quenching (ACQ) Studies. To
evaluate the occurrence of aggregation caused quenching
(ACQ) in the tetraphenylethene-substituted polythiophenes,
the fluorescence behavior in THF/water mixtures was
investigated with different water fractions (f,, the volume
percentage of water in THF/water mixtures). Figure 2 displays
the fluorescence emission spectra of the polymers homoPT,
coPT, and P3HT, together with the data for the
tetraphenylethene-thiophene model compound T-TPE. For
T-TPE, in agreement with what was previously reported for
TPE'® substituted thiophene monomers,” a clear enhance-
ment of the emission band centered at 495 nm was observed
for mixtures with a water fraction >90% (Figure 2), thus
showing that for T-TPE the aggregation induced emission
(AIE) effect is observed.

For the polymers, a red-shift of the emission bands was
found on going from THF to the 10:90 (v/v) THF/water
mixture (where the highest degree of aggregation is expected);
see Figure 2. Again, the most pronounced shift was observed
for P3HT, displaying an absorption maximum red-shift of
~152 nm vs 28 nm for coPT vs 10 nm for homoPT.

For the polymers coPT and P3HT, the aggregation caused
emission quenching is clearly the dominant effect starting from
very low water fractions (see Figure 2). While for homoPT, in
agreement with the negligible decrease in the ¢y values going
from solution to solid films (from 0.13 to 0.08, respectively,
Table 2), only a minor, gradual decrease (if compared to coPT,
see Figure 2) in emission intensity is observed up to the
mixture with the highest water content. Thus, contrary to what
is observed for the coPT polymer, the characteristic thiophene-
tetraphenylethene monomeric unit of the homoPT polymer
restricts (although not completely) the formation of non-
emissive aggregates. Indeed, it was expected that the
conjugation of the TPE AlEgen with the polythiophenes
could result, similarly to the monomeric T-TPE, in both AIE
(based on the RIR effect) and intense aggregation-state
emission. However, as described elsewhere’” for other
polythiophenes with a similar bulk substituent pattern, for
homoPT, the reduced intra- and intermolecular quenching is
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attributed to the twisted polymer conformation promoted by
the high substitution density at each thiophene unit and steric
hindrance of the TPE groups, which hinders close molecular
packing.

On the other hand, for coPT, only each second thiophene
unit carries a TPE side chains, resulting in a more planar
polythiophene backbone thus allowing intermolecular inter-
actions (aggregation) accompanied by red-shifts of the
absorption and emission bands. Moreover, our results also
suggest that the ability for conjugated polymer chromophores
to interact depends on their mutual accessibility of the chains,
as a prerequisite for an interaction with neighboring
chromophores. It can also be noticed that the close similarity
of the shapes and positions of the emission bands of these
polymers in a poor solvent (e.g, the 10:90 THF/water
mixture) and in solid films (4,,,, = 615—620 nm for coPT and
725 nm for P3HT; see Figures 1 and 2 and Table 2) indicate a
similar environment of the emitting species in the two
mediums.

Time Resolved Fluorescence. The fluorescence decays
for the investigated polythiophenes were collected in toluene
solution (as a function of the emission wavelength and at
different temperatures) and in thin films (see Figure 3 and
Table 3).

From the global analysis of the decays, ie., simultaneous
analysis of the decays at the three collected wavelengths), it
was seen that, in toluene solution, in general, the decays were
best fitted with a triexponential decay law with decay time
values in the 13—65, 82—309, and 524—71S ps ranges (see
Table 3).

As listed in Table 3, the pre-exponential factors are positive
when the decays are collected in the onset of the emission
band, although when the emission decays are collected at lower
energies (on the tail of the emission band), a negative
amplitude (rise-time), associated with the shortest decay time
(and in the case of P3HT also for the intermediate decay), is
present. As described elsewhere, for different types of families
of organic conjugated polymers and oligomers, the presence of
a fast component, which appears as a decay time in the high
energy part of the emission spectra and as a rise-time for low
energies, is in general assigned to fast relaxation processes
(excitation energy migration or conformational relaxation) in
the excited state.'>*"**~*7 For all the polymers, the pre-
exponential factors associated with the slower decay time, 7,
(see Table 3), increases when going from the onset to the tail
of the emission band and is assigned to the relaxed and more
stable (lower energy) conformation of the polymers. An
opposite behavior was found for the fastest decay component
(and intermediary decay component in the P3HT case) where,
respectively, a decrease and appearance of negative pre-
exponential values were found when going to lower energies in
the emission band. This indicates that more relaxed (lower
energy) species of the polymers are being formed in the excited
state at the expense of the nonrelaxed structures (associated
with the shortest decay time for homo- and coPT, and for the
two shortest decay components in the case of P3HT).

Additional information on the photophysical behavior of
these compounds was obtained from the temperature depend-
ence of the fluorescence decays since conformational relaxation
is a temperature and solvent (viscosity) activated process.”"*®
Within the temperature range studied, the longest decay
component, 7, for the investigated polythiophenes was found
to be temperature independent (see Tables S1—S3 in the SI).
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S 1.57 relaxation in these polymers; (ii) for P3HT (M,, = 18 500 g
S | mol™!), the shortest decay time (7;) was found to be
=7 &t’ temperature dependent (Figure 4), while, within the
experimental error, the intermediary decay component remains
0.5+ approximately constant, ~80 ps (see Figure 4 and Table S1 in
the SI). Since 7, for P3HT is associated with an activated
0 | i 1 process (i.e., conformational relaxation), from the slope of the
0 326 651 orr 1302 Arrhenius plot in Figure 4, it was possible to estimate the
s Time(ps) associated activation energy, ESR = 18 k] mol™!. Moreover,
I _3WWWWMWMWMWMWMWMMW— conformational relaxation rate constants in the (5.90—7.71) X
= g:] 10" 57! range were found for P3HT in toluene when going

Figure 3. Room-temperature fluorescence decays for (A) coPT in
toluene solution and (B) homo- and coPT in the solid state (thin
films). For a better judgment of the quality of the fit, weighted
residuals (W.R.), autocorrelation functions (AC.), and y* values are
also presented. The dashed line in the decay of (A) corresponds to
the instrumental response function.

However, the Arrhenius plots in Figure 4 of the reciprocal of
the shortest lifetimes (associated with a negative pre-
exponential value) and of the intermediate lifetime, 7,, in the
case of P3HT show: (i) for homo- and coPT, the shortest

from 253 to 323 K (see the Supporting Information for further
details).

Summarizing at this stage, we can conclude that for homo-
and coPT excited state conformational relaxation is absent,
with the energy migration/transfer being the dominant excited
state decay process, occurring on time scales between 33 and
65 ps. For P3HT, it was found that the excited state decay
involves competition between conformational relaxation
(associated with decay times in the 12.8—15.4 ps range) and
energy migration (~80 ps). Although, for P3HT with higher
average molecular weight (M,, = 87 kDa) it was suggested that
the energy transfer process accounts for the two shortest decay

decay time remains unchanged, at ~65 and ~44 ps, components found by time-resolved fluorescence,”* other
Table 3. Room Temperature Fluorescence Decays Times and Pre-exponential Factors (ail-) from the Best Fit to the
Fluorescence Decays of the Investigated Polythiophenes in Toluene Solution and in the Solid State (Thin Films)
compd 73 (ps) 7, (ps) 7 (ps) Aem (nM1) a3 i il
P3HT toluene 13 82 524 530 0.750 0.150 0.100
570 —0.203 0.103 0.897
680 —0.838 —0.103 1.0
film 25 76 281 725 0.669 0.297 0.034
homoPT toluene 65 233 528 540 0.471 0.473 0.057
§75 0.023 0.702 0.275
640 —0.182 0.609 0.391
film 40 140 380 585 0.324 0.481 0.195
coPT toluene 44 287 732 580 0.206 0.429 0.365
610 0.044 0.436 0.520
670 —0.066 0.414 0.586
film 20 80 340 615 0.655 0.308 0.037
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J. Phys. Chem. C 2020, 124, 13956—13965


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b10908/suppl_file/jp9b10908_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b10908/suppl_file/jp9b10908_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b10908?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b10908?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b10908?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b10908?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b10908?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b10908?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b10908?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b10908?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.9b10908?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

studies reported that for P3HT samples of increasing
molecular weight (ranging from an average of 39 monomers
to an average of 168 monomers) both conformational
relaxation and energy migration are present.23

Nevertheless, for homoPT and coPT, the sterically bulky
TPE pendant groups hinders fast torsional molecular move-
ments of the polymer backbone, thus explaining the absence of
conformational relaxation for the homoPT and coPT
polythiophenes.”

To further understand the nature of the different dominant
decay mechanism observed for P3HT in comparison with
homoPT and coPT, the time-resolved behavior of the
regioregular poly(3-dodecylthiophene-2,5-diyl), P3DDT, in
toluene solution as a function of temperature was investigated.
Again, three decay components (with decay times of 30, 190,
and 520 ps at 293 K) were found when collecting the decay
profiles along the emission band of the polymer, (see Table S4;
and for the P3DDT detailed study and discussion, see the
Supporting Information). Once more, the intermediate decay
component was associated with an activated process, ie.,
conformational relaxation, with an ES® value of 7.9 kJ mol™"
(Figure S4). The higher activation energy found for P3DDT
when compared to P3HT, together with the increase in the
lifetime values associated with this process when going from
P3HT to P3DDT, shows that the size of the lateral side chains
(from -hexyl to -dodecyl with higher solute solvent
interactions) slows down the conformational relaxation
process.”

Singlet Oxygen Measurements. Singlet oxygen sensiti-
zation quantum yields were measured by direct measurement
of the NIR singlet oxygen phosphorescence emission at 1275
nm of aerated toluene solutions of the polythiophenes after
laser irradiation at 355 nm. The ¢, values were found to
increase when going from homoPT, ¢, = 0.052, to P3HT, ¢,
= 0.27; see Table 2. Assuming unitary singlet oxygen
sensitization efficiency, i.e., ¢ = ¢4, it was possible to obtain
the overall excited state deactivation rate constants (Table 2).
From the photophysical parameters obtained in diluted
toluene solution (i.e., involving in principle isolated polymer
chains) and in the solid state (Table 2), we can conclude that
in general the radiationless processes (e + ¢hsc) are the
dominant excited-state deactivation channels for the polymers
studied.

B CONCLUSIONS

In order to suppress the strong intermolecular interactions, the
well-known AIE luminogen, TPE, was successfully integrated
in two new polythiophenes with different contents of TPE side
chains. For a monomeric model compound T-TPE, it was
found that it displays significant aggregation induced emission
in THF/water mixtures. An opposite behavior was observed
for the polymers coPT and P3HT, where aggregation caused
emission quenching is the dominant observed effect beginning
from very low water fractions. For homoPT, the aggregation
caused emission quenching is significantly reduced as seen by
the small decrease in the fluorescence quantum yields going
from solution to the solid state and by the small decrease in
emission intensity observed in THF/water mixtures up to high
water contents of 90% (transition from good to poor solvents).
This shows that a higher degree of TPE substituents (as in
homoPT) restricts the formation of nonemissive aggregates.
From the time-resolved fluorescence study as a function of
temperature, it was found that for the TPE-substituted

polythiophenes excited state energy migration along the
polymer backbone occurs. Again, the absence of conforma-
tional relaxation for homoPT and coPT can be attributed to
the restriction of torsional movements promoted by the bulky
TPE substituents.

Although the AIE strategy based on the RIR has produced
numerous systems with high emission in the aggregate state for
the TPE substituted polythiophenes, only restriction of the
formation of nonemissive aggregates was observed. Never-
theless, this contributes to a better understanding of the
phenomena.
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